ABSTRACT: Today, most female children born with congenital heart disease will reach childbearing age. For many women with complex congenital heart disease, carrying a pregnancy carries a moderate to high risk for both the mother and her fetus. Many such women, however, do not have access to adult congenital heart disease tertiary centers with experienced reproductive programs. Therefore, it is important that all practitioners who will be managing these women have current information not only on preconception counseling and diagnostic evaluation to determine maternal and fetal risk but also on how to manage them once they are pregnant and when to refer them to a regional center with expertise in pregnancy management. E xpanded diagnostic, medical, and surgical management options have improved the long-term survival of patients with congenital heart disease (CHD). Thus, most women born with CHD will reach reproductive age. The ability to bear children is a major point of care for this growing population. As a result, pregnancy counseling and management are among the major noncardiac issues facing pediatric and congenital cardiac providers.
For the majority of patients, the ability to conceive and carry a pregnancy to term will present little problem. However, for those with complex CHD, pregnancy may be associated with an increased risk compared with women with milder forms of CHD, regardless of whether they are clinically stable at the time of conception. This document provides an overview of the management of the patient with complex CHD who becomes pregnant.
DEfINING ThE PoPULATIoN
Simple CHD lesions include mild pulmonary valve stenosis, a small, uncomplicated atrial septal defect or ventricular septal defect, patent ductus arteriosus, and successfully repaired atrial septal defect, ventricular septal defect, patent ductus arteriosus, and anomalous pulmonary venous connection without important residua. Complex CHD, on the other hand, includes any complex anatomical or physiological lesion as defined by the Bethesda conference. 1 Some patients with simple CHD lesions would, however, be considered high pregnancy risk because of the presence of comorbid conditions. An example is the patient with an atrial septal defect and pulmonary hypertension or atrial fibrillation; this patient would require a higher level of care during pregnancy and in the peripartum period. Thus, a designation of simple versus complex CHD is not adequate when referring to patients with CHD considering pregnancy.
The modified World Health Organization (WHO) classification categorized patients into 4 pregnancy risk classes (classes I-IV) as determined by their medical condition (Table 1 ). 2 Patients in class I have no detectable increased risk of maternal mortality and either no or a mild increase in morbidity; thus, they are not included in this document. Women in class II might have a small increase in maternal mortality or a moderate increase in morbidity with pregnancy, and those in class III might have a significant increase in maternal mortality or severe morbidity. Those in class IV, however, may carry an extremely high risk of maternal mortality or severe morbidity such that pregnancy is ill advised. These patients should be counseled to avoid pregnancy. If pregnancy is confirmed in a woman in WHO class IV, then termination is advised.
High-risk patients are further identified in observational data to include patients with prosthetic valves or those with more than moderate atrioventricular valve regurgitation or New York Heart Association (NYHA) class II or higher heart failure before pregnancy. [4] [5] [6] [7] PhySIoLoGICAL ADAPTATIoN of PrEGNANCy Maternal organ systems undergo significant physiological alterations during pregnancy. The following sections highlight the physiological changes that have particular relevance to the management of gravidas with CHD.
Antepartum

Blood Volume
Maternal blood volume begins to increase with the early hormonal changes of conception. 8 Overall, pregnancy increases maternal blood volume by ≈40% for a singleton and 67% for twins, with peak values at ≈32 weeks of gestation 8, 9 (Figure 1 ). Both plasma volume and red cell mass contribute to the hypervolemia, with respective increases of ≈45% to 55% and 20% to 30%. [10] [11] [12] Estrogen has a key role in plasma volume expansion and promotes sodium and water retention by upregulating the production of angiotensinogen, renin, and aldosterone. [13] [14] [15] The disproportionate expansion of plasma volume relative to red cell mass contributes to the physiological anemia of pregnancy, with mean±SD hemoglobin concentrations of 10.9±0.6 and 12.4±1.0 g/dL for the second and third trimesters, respectively.
B-Type Natriuretic Peptide
The median level of B-type natriuretic peptide (BNP) in normal pregnant woman is about twice that of nonpregnant control subjects, rising early in pregnancy and remaining high throughout gestation [16] [17] [18] until ≈72 hours after delivery. 19, 20 Adverse maternal cardiac events have been associated with high BNP concentrations (>100 pg/mL), but its use as a negative predictive indicator appears to be of most value. In 1 series, the negative pre-dictive value of NT-pro-BNP <128 pg/mL at 20 weeks' gestation exceeded 95%. 21 Colloid Oncotic Pressure Circulating albumin concentrations fall 12% to 18% in pregnancy, with the lowest levels at ≈24 weeks' gestation. 22 The decline in colloid oncotic pressure, along with increased femoral venous pressure caused by uterine compression of the inferior vena cava, elicits the edema of pregnancy. 22, 23 The fall in oncotic pressure can be hemodynamically significant, particularly when combined with generous intravenous infusion of crystalloid, and thus the gravida is more susceptible to pulmonary edema under these conditions.
Cardiac Output
Maternal cardiac output begins to rise after conception and plateaus at ≈24 weeks of gestation, as shown in Figure 2 . [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Maternal cardiac output increases 30% to 50% in a singleton pregnancy, with an additional 10% to 20% increment in a twin pregnancy. [34] [35] [36] [37] Maternal posture can significantly affect cardiac output, especially after 20 weeks' gestation when the gravid uterus compresses the vena cava and pelvic veins. 38 Compared with measurements in late pregnancy in the left lateral recumbent position, cardiac output is lowered by ≈14% in the supine position and by ≈30% in lithotomy. 39 In fact, ≈8% of gravidas become hypotensive in later pregnancy when in the supine position, with pallor, nausea, and dizziness. The hemodynamic effects vary widely, with the fall in arterial pressure ranging from mild to severe. 31 These women can also manifest a blunted rise in heart rate or even a bradycardia. Severe hypotension can even occur without maternal symptoms. 40 
Cardiac Rhythm
Maternal heart rate progressively rises 10 to 20 bpm over pregestational rates, peaking in the late second or early third trimester. Pregnancy also lowers the threshold for isolated rhythm disturbances, including atrial and ventricular premature beats and reentrant supraventricular tachycardia (SVT). Similarly, ventricular arrhythmias, although rare in labor, have been reported in 5% of normal gravidas. 41 Common changes observed on the ECG are listed in Table 2 .
Arterial Vasculature
The vascular tree undergoes remodeling to accommodate increased blood volume. Along with the hyperkinetic circulation, structural alterations increase the risk of aortic root enlargement and dissection, particularly in gravidas with aortopathies such as Marfan or Turner syndrome.
Pulmonary vascular resistance (PVR) declines by ≈24% by the eighth week of gestation and remains stable over the remainder of pregnancy. The decrease in PVR accommodates the ≈47% increase in pulmonary flow; thus, the mean pulmonary artery pressure remains unaltered in a normal pregnancy. [42] [43] [44] [45] A primary fall in systemic vascular resistance (SVR), which reduces preload and afterload, may trigger many of the changes in the hemodynamics and volume homeostasis that accompany early pregnancy. Within 8 weeks after the last menstrual period, SVR has fallen by ≈30%, reaching a nadir at ≈24 weeks' gestation ( Figure 2 ). 23, 25, 27, 43, [46] [47] [48] [49] [50] After 24 weeks' gestation, SVR begins to increase again, approaching preconception levels by term.
The fall in SVR is associated with 10 to 15 mm Hg reduction in diastolic pressure at 20 to 24 weeks' gesta-tion (measured in the lateral recumbent position), which is followed by a rise toward nonpregnant measurements ( Figure 2 ). 27, 51 Respiratory Changes Tidal volume increases 40% with a proportional rise in minute ventilation. [52] [53] [54] This physiological hyperventilation is greater than the increase in oxygen consumption and accounts for the breathlessness that begins in early pregnancy. [55] [56] [57] [58] 
Intrapartum
Labor results in important hemodynamic changes, including elevations in heart rate, central venous pressure, and cardiac output. [59] [60] [61] A change from the supine to a lateral recumbent position between contractions (basal conditions) increases maternal cardiac output by ≈22% and decreases heart rate by 6%. 60 Basal systemic arterial pressure rises with the progression of the first stage of labor, with further increases during uterine contractions. 33, 59, 61 Uterine contractions augment maternal cardiac output as a result of enhanced sympathetic activity (via anxiety, pain) and expulsion of uterine blood into the central venous circulation. [58] [59] [60] During a contraction, the uterus expels up to 400 mL blood into the central venous circulation, leading to a rise in central venous pressure, right atrial pressure, 62 cardiac output, and arterial pressure. The labor-induced augmentation of cardiac output is attenuated by effective epidural anesthesia. Maternal position modulates these hemodynamic responses. In the supine position, contractions are associated with an ≈15% rise in cardiac output; in the lateral position, cardiac output rises only ≈8% to 11%. 32, 35, 63 In the supine position, compression of the inferior vena cava by the gravid uterus reduces venous return and cardiac output, whereas virtual occlusion of the distal aorta and its branches by the uterus results in a greater increase in arterial pressure. 63.64 Lateral recumbency is not associated with impeded venous return or elevations in systemic arterial pressure. Overall, maternal cardiac output increases 10% to 30% during the first stage of labor and up to 50% in the second stage. 32, 46, [58] [59] [60] 65, 66 The labor-associated rise in arterial pressure can be attenuated by effective pain control (eg, epidural) and lateral tilting of the patient. 67, 68 Because epidural anesthesia via venodilatation can reduce return of blood to the heart, cautious incremental dosing is advised, especially in gravidas whose maternal cardiac output is sensitive to falls in preload.
The pelvic descent of the fetus in the second stage of labor elicits pressure and an urge to bear down against a closed glottis in a gravida without effective epidural anesthesia. When performed in the absence of contrac-tions or between contractions, the Valsalva maneuver typically elicits a moderate transient fall in cardiac output resulting from decreased venous return. 58 Minimizing maternal expulsive effort by passive delivery and facilitating the second stage by assisted delivery (forceps or vacuum extraction) to avoid the Valsalva maneuver and thereby minimize hemodynamic perturbations should be considered in those with critical obstructive lesions (eg, aortic stenosis [AS]), fragile aortas (bicuspid aortic valve with aortopathy, coarctation), and pulmonary hypertension. 68 Postpartum Further challenges to maternal cardiac reserve occur at delivery, that result from increased preload via vena caval decompression and extrusion of blood from the contracted uterus into the inferior vena cava. Augmented Reprinted with permission from Longo et al. 13 Copyright © 1983, American Physiological Society. venous return increases maternal cardiac output by 60% to 80% after vaginal delivery. [58] [59] [60] [61] [62] 65 This abrupt rise in cardiac output dissipates to prelabor values within ≈1 hour postpartum and falls further over the following 24 weeks. Mean arterial pressure can be elevated for 1 to 2 days postpartum 60 before declining over the ensuing 2 weeks. PVR rises to preconception values within 6 months postpartum. 42 Maternal blood loss in the first postpartum hour averages 600 mL for vaginal and 1000 mL for cesarean delivery. 69 Excessive blood loss is associated with maternal tachycardia and decreased stroke volume. 70, 71 
ASSESSMENT AND EvALUATIoN Preconception Counseling and Diagnostic Evaluation
Optimal preconception diagnostic cardiovascular evaluation should accurately assess an individual patient's pregnancy risk and direct appropriate therapies to reduce risk. At present, risk algorithms are imperfect for assessing individual risk but provide a framework from which to evaluate patients. The most reliable appears to be the modified WHO classification of maternal cardiovascular risk (see Estimating Maternal and Fetal Risk and Table 1 ). 3 
Preconception Counseling
All women of reproductive age with CHD should be counseled about pregnancy early in their medical care by a provider who is knowledgeable in the care of the CHD patient. Ideally, age-appropriate counseling should be initially offered at or soon after sexual maturity in the patient's teen years. Counseling should include a discussion of the anticipated impact of pregnancy on maternal heart disease and the importance of pregnancy planning, including effective contraception options.
For the woman with complex CHD, preconception planning is imperative. The woman and her partner should have a clear understanding of the potential risk of pregnancy for her and her offspring. For the woman contemplating an immediate pregnancy, a more focused conversation is required about pregnancy risk and possible need to undergo additional diagnostic cardiovascular evaluation to determine maternal risk, to optimize ma-ternal status, and to treat or repair any residual defects or other problems before conception as needed. The discussion should also include the possibility that pregnancy may contribute to a decline in maternal cardiac status that may not recover to baseline after pregnancy. It is also important to identify any potential impediments such as insurance, transportation, and geographic distance from the tertiary center. Finally, it is important to stress that women with complex CHD must be cared for by an obstetrician and cardiologist experienced in the management of adult CHD. 68, 72 A brief overview of the anticipated delivery plan (vaginal versus cesarean delivery, anesthesia) should also be discussed ( Figure 3 ). A preconception visit with a maternal-fetal medicine obstetrician can be helpful, particularly for women at higher risk for complications.
Genetic counseling may be particularly valuable to women for whom there is a significant risk of recurrence in offspring. The risk for recurrence of CHD varies widely from 3% to 50%, depending on the type of maternal heart disease 73, 74 (see Estimating Maternal and Fetal Risk).
Diagnostic Evaluation
The preconception evaluation of a patient with complex CHD begins with a thorough review of medical records that include information on the primary defect, surgical history, including both palliative and reparative procedures, and the presence of comorbidities and any residua or sequelae associated with the specific cardiac lesions or surgery. Similarly, reports from prior testing such as echocardiograms, magnetic resonance imaging (MRI), and exercise tests should be available for comparison. The initial diagnostic evaluation includes measurement of arterial oxygen saturation, ECG, and echocardiogram.
Because maternal functional capacity is an important predictor of a woman's ability to tolerate pregnancy, assessment of exercise capacity may be helpful. For most patients with complex disease, objective exercise testing by a cardiopulmonary exercise test or an exercise stress test may be in order to obtain an objective assessment of functional capacity and to facilitate the identification of exercise-induced arrhythmias, particularly because many patients underreport or underrecognize the degree of their limitation. 75, 76 
Suggestions for Clinical Practice
The initial diagnostic evaluation should include the following:
• Detailed history, including any current cardiovascular symptoms and family history • Review of medications for benefits and risks, with appropriate adjustment or changes of drugs known to be teratogenic • Arterial oxygen saturation • Baseline laboratory studies, including complete blood count, electrolytes, and thyroid and liver function tests 
Estimating Maternal and fetal risk
Maternal risk in pregnancy is dependent not only on the complexity of the primary cardiac lesion but also on the presence of residual lesions and clinical sequelae such as heart failure, arrhythmias, or cerebrovascular events that contribute to overall risk. [77] [78] [79] Maternal Risk Several risk stratification scores, including the Canadian Cardiac Disease in Pregnancy (CARPREG) score 74 and the Zwangerschap bij Aangeboren HARtAfwijkingen (ZA-HARA; translated in English as "Pregnancy and Congenital Heart Disease") score, 4 have been developed to predict maternal risk during pregnancy. Both models identify predictors of maternal cardiovascular and fetal events and attribute points to each predictor in an attempt to delineate more precisely maternal cardiovascular and offspring risk to the pregnancy. These risk scores have significant limitations, however, because they are highly population dependent. For example, Canadian Cardiac Disease in Pregnancy included 22% of patients with ac- quired heart disease, and 4% of the population were included because of arrhythmias. Therefore, in an effort to prevent high-risk patients from becoming pregnant, including those with severe pulmonary hypertension and severely dilated aortas and those who are not represented in these studies, a prepregnancy counseling session should be organized in an adult CHD center.
More recently, a prospective validation study reported that the modified WHO classification of maternal cardiovascular risk was the most reliable predictor of maternal cardiovascular complications, the most common of which are arrhythmias and heart failure. 3 The recommendation to each patient, however, should be individualized. If a reparable lesion or clinical problem is identified at the time of prepregnancy counseling, a recommendation for directed therapies to address the problem is made.
For some patients, the evaluation may suggest a pregnancy risk that is unacceptable to the patient. Appropriate contraception is vital for those women who are counseled against pregnancy and for those women who choose not to pursue pregnancy.
Fetal Risk
Maternal CHD is major determinant of risk to the fetus and the neonate, resulting in the following:
• Higher frequency of spontaneous abortions, ranging between 15% and 25%, and intrauterine fetal demise in selected defects. 79 
Genetic Counseling
It is important to provide genetic counseling to women with CHD on the potential for recurrence risk in the offspring, ideally before conception. Genetic counseling should include the assessment of genetic risk, a discussion of the genetic screening tests available and the implications of genetic test results, and pretest and posttest counseling. Positive consequences include a more accurate estimation of transmission risk to offspring and greater awareness and better management of comorbid conditions that can influence fetal and maternal outcomes. A detailed 3-generation family history, including history of consanguinity and history of miscarriages, should be obtained in all pregnancies. 81, 82 Maternal and paternal evaluation should be performed for clinical features suggestive of a syndromic phenotype. The absence of typical phenotypic features does not preclude the presence of a genetic or chromosomal anomaly; therefore, genetic testing may still be offered if the index of suspicion for a genetic pathogenesis is high. Most genetic conditions associated with CHD are autosomal dominant conditions, which have a transmission risk of 50%, including the Marfan, Holt-Oram, Noonan, Alagille, CHARGE (coloboma, heart defect, atresia choanae, retarded growth and development, genital abnormality, and ear abnormality), 22q11.2 microdeletion, and Williams syndromes. For CHD that arises de novo, the risk of CHD recurrence in offspring is between 3% and 5%. 83 The risk of recurrence is higher with heterotaxy, atrioventricular septal defect, and obstructive lesions of the left ventricular outflow tract. 84 Besides genetic factors, it is important to assess for environmental risk factors such as obesity, diabetes mellitus, hypertension, infections, alcohol, smoking, and teratogenic medications that can negatively affect fetal growth and well-being and increase the risk of fetal birth defects. 85 Because a number of conotruncal abnormalities may be associated with chromosomal abnormalities such as 22q11.2 deletion syndrome, genetic testing should be offered not only to women with strong family history of CHD but also to women with cardiac lesions known to be associated with genetic disorders. These include interrupted aortic arch, truncus arteriosus, tetralogy of Fallot, pulmonary atresia, ventricular septal defect with aortic arch anomaly, isolated aortic arch anomaly, and discontinuous branch pulmonary arteries.
Two consensus statements from the American Heart Association (AHA) and the Canadian Cardiovascular Society provide excellent guidance for genetic testing in CHD. 85, 86 
Suggestions for Clinical Practice
• A 3-generation family history, including any consanguinity, should be completed. • Genetic evaluation should be made available to all women with CHD to determine recurrence, particularly in those patients with a family history of CHD and those with possible autosomal dominant lesions (eg, 22q 11 deletion).
PrEGNANCy MANAGEMENT
Ideally, the cardiovascular evaluation should occur before conception. For the patient who presents for the first time with an unplanned pregnancy, however, the TBD, 2017 Circulation. 2017;135:00-00. DOI: 10.1161/CIR.0000000000000458 e8 diagnostic workup must be individualized with consideration of the potential risk to both mother and fetus.
Diagnostic Testing in Pregnancy
Electrocardiogram A standard 12-lead ECG is a simple method for evaluating abnormal heart rhythm, chamber enlargement, evidence of ischemia, and medication effects. Normal electrocardiographic changes associated with pregnancy are listed in Table 2 . Holter monitors and extended event recorders may be helpful in the evaluation of a patient with palpitations, presyncope, or syncope.
Echocardiography
Transthoracic echocardiography remains a mainstay of cardiac evaluation in the CHD population and can provide information on cardiac structure, anatomic abnormalities, chamber and great vessel dimensions, ventricular function, valvular function, and hemodynamics. The use of agitated saline during pregnancy has not been systematically studied but is generally considered safe. 87 Intravenous contrast agents such as perflutren lipid microspheres (Definity) or perflutren protein type A (Optison) have not been studied in pregnant women. Either may be used if a clear maternal benefit is defined.
An echocardiogram taken before the pregnancy is useful in establishing the baseline status and may be repeated safely throughout pregnancy. 88 In those with limited echocardiographic windows, transesophageal echocardiography is relatively safe during pregnancy but with attention to airway protection to avoid the risk of vomiting and aspiration. 68, 89 Exercise Stress Testing Exercise stress testing and measurement of maximal oxygen consumption (V ⋅ o 2 max) during exercise can be useful in evaluating cardiopulmonary reserve, functional status, or potential exercise-induced arrhythmias during pregnancy, although they are rarely necessary. [90] [91] [92] [93] A submaximal stress protocol (80% of the maximal predicted heart rate) is recommended. 68, 91 A stress echocardiogram is indicated to determine the risk of myocardial ischemia in patients with suspected or confirmed underlying coronary artery disease or in patients with mildly reduced ventricular function.
Imaging
Chest Radiography
Chest radiography is generally not advocated during pregnancy unless specifically indicated. Even the normal heart may appear to be increased in size during pregnancy. 94 Magnetic Resonance Imaging MRI is particularly useful for evaluating extracardiac vascular structures, including the aorta and left ventricular myocardium. The majority of studies evaluating MRI safety during pregnancy report that maternal risk associated with the use of MRI is the same as for nonpregnant patients. [95] [96] [97] Safety concerns arise, however, with respect to the fetus. Although no ill effects to the fetus have been reported, concerns include the potential for fetal acoustic damage because MRI coils produce a loud tapping noise. 98, 99 Limited data on organogenesis are available, but MRI is probably safe after the first trimester. 68 The American College of Radiology recommends that gadolinium be avoided and used only when other imaging (transthoracic and transesophageal echocardiography) is insufficient for diagnosis and that the risks and benefits be discussed with the pregnant patient and referring physician. 96, 97 If required, it is preferable to wait until the second or third trimester when organogenesis is completed. 97, 100 Computed Tomography The risk of radiation exposure from computed tomography (CT) procedures varies, depending on gestational age and dose of radiation. CT is recommended only if other imaging is insufficient for the diagnosis. 87.101 If pulmonary embolism is suspected and CT is thought necessary for definitive diagnosis, CT of the chest may be performed at low dose of fetal exposure with a thorough discussion of risks and benefits. 68,101 V/Q scans carry similar risk. The threshold for fetal risk appears to be increased at doses >100 mGy. 101, 102 Cardiac Catheterization Concerns exist over the short-and long-term consequences of fetal radiation exposure during diagnostic and interventional cardiac catheterization. However, in clinical instances when hemodynamic compromise or an emergent intervention requires either right-sided heart or full cardiac catheterization, radiation exposure can be minimized by ensuring shortened fluoroscopy time and ensuring that the radiation dose remains at lower levels. 102 The radiation exposure to the fetus arises predominantly from scattered radiation within the patient. External lead shielding of the maternal pelvis is of limited value although generally still used. The radiation dose absorbed by the fetus without shielding is only 3% higher than that with external shielding for all periods of gestation. 87, 97 
Medications in Pregnancy
The relative safety of any medication during pregnancy involves the comparative determination of maternal benefit versus potential fetal risk. Teratogenicity occurs primarily during postmenstrual weeks 4 to 12, with exposures during the first 2 weeks after conception considered to result in either loss of pregnancy or no significant effect. Table 3 presents an overview of common medica- CLINICAL STATEMENTS AND GUIDELINES tions encountered in the adult CHD population, highlighting specific concerns during pregnancy. The individual Micromedex REPROTOX drug summaries (Micromedex 2.0) provide a more comprehensive discussion. 103 Currently, the US Food and Drug Administration classifies drugs into risk categories based on safety during pregnancy and breastfeeding. 1 Table 4 shows the risk category for some commonly used drugs in patients with heart disease.
Angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers are pregnancy category D drugs because of the risk of reduced fetal renal function and increased fetal and neonatal morbidity and death, especially with use during the second and third trimesters. Cooper et al 104 reported an additional risk of malformation among infants exposed to ACE inhibitors during the first trimester. Ideally, women taking an ACE inhibitor or angiotensin receptor blocker who desire to become pregnant should be advised to stop taking these drugs before conception to minimize the risk of fetal abnormality. During this time, repeated clinical evaluation with echocardiography should be carried out to reassess ventricular function and exercise capacity. Stability in ejection fraction suggests that patients are less likely to be intolerant of the volume load that pregnancy imposes.
β-Blockers have a favorable safety profile, and no teratogenic risks have been reported with their use. 105 They have been associated with an increase in smallfor-gestational-age infants and neonatal bradycardia and hypoglycemia but in practical terms are considered safe to use. Atenolol has been associated with low birth weight and therefore is not the β-blocker of choice during pregnancy. 106 The routine use of diuretics is discouraged because of the potential reduction in maternal plasma volume early in gestation that is potentially harmful to the fetus. 107 If indicated, they should be used judiciously. Thiazides have been associated with maternal and fetal thrombocytopenia. Although listed as a category C agent, spironolactone is not recommended for use during pregnancy or lactation because of the reported antiandrogenic effects and feminization of male fetuses. Amiodarone has been associated with a 9% incidence of fetal hypothyroidism and a 21% incidence of intrauterine growth retardation and should be reserved for cases of refractory ventricular arrhythmias. 108 Drugs listed as category X include the following:
• Anticoagulants. Vitamin K antagonists cross the placenta and are potentially fetotoxic. They are commonly used in women with mechanical valves, and the risks and benefits associated with their use should be discussed with the patient before pregnancy is contemplated (see Mechanical Valves and Anticoagulation). • Endothelin receptor antagonists (bosentan, ambrisentan, and macitentan) (Micromedex and REPROTOX).
• Statins. Although inadvertent exposure to statins during early pregnancy appears unlikely to increase the risk of adverse pregnancy outcome, theoretical considerations concerning the role of cholesterol in embryo development and the lack of demonstrated benefit of treating hyperlipidemia during gestation are reasons for not recommending statins during pregnancy. 109, 110 They remain pregnancy category X drugs in the United States.
fetal Screening During Pregnancy
Formal fetal echocardiography at 18 to 22 weeks' gestation is recommended for all patients with CHD and partners of male patients with CHD 68 ; earlier echocardiographic screening may be recommended in patients with high rates of familial CHD recurrence and more severe cardiac defects. Referral to a maternal-fetal medicine specialist, pediatric cardiologist, neonatologist, and geneticist is indicated if fetal CHD is discovered to discuss prognosis and perinatal management.
Antepartum Care
Existing adult CHD and pregnancy guidelines recommend that patients with complex CHD should be managed and delivered at a regional or tertiary center where a multidisciplinary team with knowledge and experience in adult CHD is available. 68, 73, 86 This team includes a cardiologist, a high-risk obstetrician, an anesthesiologist, and a neonatologist. Additional providers, including a geneticist, an advanced practice nurse, a social worker, and an ethicist, should be identified to assist in the coordination of care as required. Early coordination and ongoing communication between members of the multidisciplinary team are crucial to optimizing maternal outcomes. Prenatal care is individualized on the basis of the patient's maternal risk, accounting for the complexity of the CHD, the patient's functional capacity, and the presence of any existing or potential clinical issues (ie, rhythm disturbances). Practical factors such as current social situation, insurance coverage, and proximity to the adult CHD center and delivery hospital should be considerations in clinical scheduling.
First Trimester (0-14 Weeks) Cardiology Care
The initial visit should include a review of the patient's cardiac history and preconception diagnostic evaluations to elucidate any new symptoms such as palpitation, shortness of breath, or edema. The physician should perform a comprehensive cardiovascular examination, keeping in mind the normal physiological changes apparent at 12 weeks of pregnancy ( The current medication regimen should also be reviewed for appropriate indications, potential risks, and any need for dose adjustments or discontinuation. For the patient who presents for the first time early in pregnancy for cardiac care, the initial visit should include a thorough assessment as described previously for a patient contemplating pregnancy.
The frequency of cardiology visits is largely individualized by estimated risk and the development of symptoms or complications. Once antepartum care has been Table 4 
. fDA Drug Classifications
Rating A Controlled studies in women fail to demonstrate a risk to the fetus in the first trimester; no evidence of a risk.
Rating B
Either animal-reproduction studies have not demonstrated a fetal risk but there are no controlled studies in pregnant women or animal-reproduction studies have shown adverse effect (other than a decrease in fertility) that was not confirmed in controlled studies in women in the first trimester (and there is no evidence of a risk in later trimesters).
Rating C Either studies in animals have revealed adverse effects on the fetus (teratogenic, embryocidal, or other) and there are no controlled studies in women or studies in women and animals are not available. Drugs should be given only if the potential benefit justifies the potential risk to the fetus.
Rating D There is positive evidence of human fetal risk, but the benefits from use in pregnant women may be acceptable despite the risk (eg, if the drug is needed in a life-threatening situation or for a serious disease for which safer drugs cannot be used or are ineffective).
Rating X Studies in animals or human beings have demonstrated fetal abnormalities, there is evidence of fetal risk based on human experience, or both, and the risk of the use of the drug in pregnant women clearly outweighs any possible benefit. The drug is contraindicated in women who are or may become pregnant. CLINICAL STATEMENTS AND GUIDELINES established, patients who remain clinically asymptomatic may be seen at the beginning of the second trimester and again at the beginning of the third trimester. 68 Those deemed at moderate to high risk or who are symptomatic would require more frequent visits ranging from bimonthly to weekly.
FDA indicates US
Obstetric Care CHD guidelines recommend that these patients be managed by an obstetrician trained in maternal-fetal medicine or experienced in caring for patients with CHD. 72 However, attending scheduled prenatal visits can be a logistical challenge for patients who reside remote from a specialized care center. Therefore, maintaining clear and consistent communication between local and tertiary center providers about maternal and fetal clinical status is of paramount importance. A plan including both expedient transport in the event of an acute complication and consideration of the patient relocating proximate (<1 hour distant) to the tertiary facility in the early or mid third trimester (34-36 weeks) will also optimize the probability of delivery occurring in a properly supervised manner.
Prenatal care appointments are generally scheduled on a chronological basis. In uncomplicated pregnancies, visits are typically scheduled every 4 weeks through 28 weeks' gestation, every 2 weeks through 36 weeks, and then weekly thereafter until delivery. Because a subset of the CHD population may require more frequent evaluation to assess the response to the progressive intravascular volume load of advancing gestational age, the frequency of prenatal visits may be modified as individually appropriate.
Lifestyle Issues
• Physical activity. The level of physical activity is dependent on the patient and prepregnancy functional ability. Many patients can (and should) continue a regular exercise program such as walking or swimming but should restrict maneuvers that might impair cardiac output. Significant fatigue is common in the first trimester; thus, patients may need to adjust their schedule to allow sufficient intervals of rest. Excessive heat exposure can cause peripheral vasodilation with consequent decreased cardiac output. Elevated core temperature may be teratogenic. Thus, patients should avoid exhaustive activity on hot days and prolonged hot bathing; the use of saunas or hot tubs should be discouraged. 94 Providers should assess the individual patient's work situation and discuss anticipated potential accommodations that may be necessary, particularly with advancing gestation. • Sexual activity. Cardiovascular effects (heart rate, blood pressure, oxygen uptake) vary greatly among different patients, but in general, sexual activity is equivalent to moderate physical activity. Similar to physical activity and work, sexual activity should be symptom limited and may be restricted for obstetric reasons (placenta previa, cervical incompetence, history of preterm labor).
Although not specifically studied in the CHD population, there is no evidence that sexual activity during pregnancy increases the risk of adverse pregnancy outcomes. 113 Suggestions for Clinical Practice • Patients considered low risk without specific clinical issues may receive prenatal care locally. However, evaluation should be performed early in pregnancy at a regional adult CHD center to establish a regimen for prenatal management and then repeated in the third trimester to evaluate current maternal status and candidacy for local delivery. • Patients considered to be at moderate risk who live geographically remote from a regional adult CHD center may also receive routine prenatal care locally but should be evaluated at a regional center by both a cardiologist and a maternal-fetal medicine obstetrician each trimester with an explicit plan that delivery will be carried out at the regional adult CHD center. • High-risk patients should be managed exclusively at a regional adult CHD center for prenatal care and delivery. If geographical and financial concerns preclude this option, coordinated shared care between a regional center and a local obstetrician and cardiologist who are willing to communicate directly with the regional adult CHD should be explored once fetal viability has been established. • For patients considered exceedingly high risk for maternal morbidity or mortality such as those with elevated pulmonary pressures or important aortic root enlargement, therapeutic termination of the pregnancy should be offered (see Termination of Pregnancy).
Second Trimester (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) Weeks)
The second trimester is associated with the greatest magnitude of hemodynamic changes (Figures 1 and 2) . The frequency of evaluation must be individualized. A repeat echocardiogram may be indicated to evaluate the hemodynamic effects of the pregnancy on cardiac and valvular function. Comprehensive fetal echocardiography is usually performed at 18 to 22 weeks' gestation and may be repeated if any fetal anomaly has been detected. A clear and coordinated plan for labor, delivery, and postpartum care should be developed by the end of the second trimester and distributed to all members of the multidisciplinary team, including labor and delivery staff, in the event of spontaneous or indicated preterm delivery. For patients deemed at particularly high risk (eg, those who have pulmonary hypertension or severe AS), an initial multidisciplinary planning meeting including all providers potentially involved in their care should be organized once fetal viability has been established, usually after week 23 to 24. A specific delivery plan is outlined with contingencies for early hospital admission and requirement for urgent delivery. If cardiac support systems such as ventricular assist devices are required or if cardiac surgery is being considered during pregnancy or concomitant with delivery, members of the cardiothoracic team should also be included. The involvement of social services and possibly an institutional ethics team should be also considered in highrisk cases.
Third Trimester (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) Weeks) The frequency of cardiac evaluation in late pregnancy must be individualized. Once the peak hemodynamic load of pregnancy is reached, normal symptoms of pregnancy (edema, dyspnea on exertion) may worsen, so patients must be monitored closely to distinguish such symptoms and signs of normal pregnancy from those that may reflect hemodynamic compromise. Continued participation in physical activity, work, and sexual activity may prove difficult as the pregnancy progresses; all activities should be limited by symptomatology or obstetric concerns. Planning and contingencies for delivery should be finalized in the third trimester.
Obstetric Complications
Because these patients remain at risk for the spectrum of obstetric complications independently of their cardiac condition, specific obstetric concerns in this population include the following:
• Spontaneous abortion. The rate of spontaneous abortion varies between 12% and 15%, depending on the primary cardiac anomaly. 79, 114 • Fetal growth restriction. Small-for-gestational-age neonates (birth weight <10%) have been reported in 4% to 8% of pregnancies, with intrauterine demise reported in 3%. 79 • Preterm delivery. Approximately 17% to 21% of all patients with CHD ultimately deliver preterm as a result of either spontaneous preterm labor/preterm premature rupture of membranes (59%) or indicated delivery (41%). 74, 79 The use of tocolytic agents is generally considered safe, but caution is warranted with the use of terbutaline, particularly in patients with a history of arrhythmias. • Hypertension. Increases in SVR such as with gestational hypertension/preeclampsia may be poorly tolerated in patients with marginal cardiac output.
Termination of Pregnancy
For the patient with complex CHD in whom continuation of pregnancy presents a substantial risk of maternal morbidity or mortality, a forthright discussion of the advisability of therapeutic termination is imperative. However, because termination incurs an increased maternal risk with advancing gestational age regardless of method, expediency in patient decisiveness is important. The therapeutic benefit of termination for patients presenting at ≥20 weeks of gestation is controversial because many of the physiological cardiopulmonary adaptations are established by this time and consequently would not necessarily be mitigated by interruption of the pregnancy.
• First trimester. Surgical dilation and suction curettage represents the most common method of pregnancy termination through 12 weeks' gestation. 
Intrapartum Care
Clinically stable patients with complex CHD should anticipate a normal labor and delivery. The risks for gravidas with functionally significant CHD can be minimized by proper planning and management of labor, delivery, and the puerperium. In these high-risk cases, elective induction of labor under controlled conditions is recommended. 116 Careful consideration should be given to maternal benefit versus neonatal risk when elective delivery before 39 weeks is contemplated because induction of labor may be less successful at earlier gestational ages. 116 From a practical point of view, inductions should be initiated so that delivery will likely occur during regular hours when the adult CHD teams are readily available. Labor should be conducted in a right or left lateral tilt position to maximize maternal hemodynamic stability; this posture reduces compression of the inferior vena by the gravid uterus, which maintains cardiac preload. Vaginal delivery with adequate relief of pain with parental narcotic analgesia or epidural anesthesia is generally preferred. Cesarean delivery is typically reserved for obstetric indications.
The uterine contractions of the second stage of labor (which extends from the time of complete cervical dilatation until delivery) are normally augmented by maternal Valsalva maneuvers. Historically, Valsalva maneuvers have been discouraged for patients with significant cardiac disease because of the associated increase in maternal O 2 consumption and reduction in cardiac return and cardiac output. Management should be individualized; with some cardiac disorders, a passive second stage of labor may be more appropriate (the fetus descends through the birth canal exclusively via uterine contractions), particularly in women whose venous return or myocardial contractility is significantly compromised. Regional epidural anesthesia can suppress the Valsalva reflex arising from fetal pelvic descent, which can be reinstated by reducing the intensity of anesthesia. Forceps-or vacuum-assisted operative delivery may be performed to facilitate delivery from a low or outlet station.
Neuraxial anesthetic techniques should be used cautiously if cardiac output is sensitive to a reduction in preload; a narcotic combined spinal-epidural may be optimal. General anesthesia may be used, but the inhalation agents must be carefully selected and administered by an anesthesiologist.
Intrapartum Management
• Intravenous crystalloid should be administered when necessary for hydration with close monitoring of fluid balance. All patients with right-to-left shunts should have filtered vascular lines to prevent paradoxical air embolization. 117 Patients with complex CHD should have continuous pulse oximetry for monitoring changes in systemic arterial oxygen saturation (Sao 2 ). In those with right-to-left shunts, Sao 2 provides a continuous estimate of the extent of the right-to-left shunt. 118 Maintenance of systemic pressures in these gravidas is critical to maintain the balance of systemic and pulmonary blood flow. A decrease in SVR or an increase in PVR leads to increased right-to-left shunting, resulting in an increase in hypoxemia and an increase in the risk of maternal and fetal death. 117 
Postpartum Care
Immediately after delivery, the intravascular volume is augmented by an "autotransfusion" of 500 mL blood from the involuting uterus. In uncomplicated pregnancies, stroke volume and cardiac output increase immediately by 71% and 60% to 80%, respectively. These changes begin to reverse shortly after delivery and continue to decrease over the next 24 hours, resolving over the next 6 to 8 weeks. [59] [60] [61] 120, 121 The extravascular fluid accumulation that occurs during gestation will typically resolve over a similar time interval. Because many of these hemodynamic changes occur concurrently, cardiopulmonary complications may ensue immediately after delivery, depending on the maternal hemodynamic compensatory ability. Consequently, recommendations for postpartum monitoring are largely dependent on the patient's underlying congenital cardiac abnormality, predisposition to arrhythmias, presence or absence of heart failure signs or symptoms, and clinical course during pregnancy and delivery. 122 Telemetry cardiac monitoring should continue for at least 24 hours for those patients with symptoms or signs of significant antepartum or intrapartum arrhythmias. For the patient considered at highest risk or who has demonstrated signs of decompensation during the pregnancy or delivery period, management in an intensive care unit/critical care unit setting for the first 24 to 48 hours after delivery for hemodynamic monitoring should be considered.
If a patient is delivered in a local or community-based institution with limited resources or staff unfamiliar with managing complex CHD, it may be prudent to care for these patients in an intensive care unit/critical care unit setting, along with appropriate obstetric nursing surveillance, for the first 24 to 48 hours postpartum. Standard postpartum units are less likely to have cardiac monitoring capability or clinical experience in recognizing and managing early cardiopulmonary decompensation. However, patients who have remained clinically stable throughout pregnancy and delivery may be transferred directly to postpartum units with instructions to monitor for cardiopulmonary symptoms. Early ambulation and continued use of support stockings may reduce the risk of thromboembolism. 117 The hemodynamic effects of pregnancy typically resolve primarily during the initial 6 to 12 weeks postpartum but may persist for up to 6 months. 123 Thus, discharge planning should include appropriate return visits for routine postpartum and cardiac evaluation and detailed patient instructions for signs and symptoms meriting medical evaluation.
Contraception
Contraception is an important topic to readdress periodically throughout the reproductive life of a woman with complex CHD. The optimal method is governed by medical candidacy, potential side effects, compliance, and risk of unplanned conception. The ideal time to discuss contraceptive methods is before conception, but it is equally important to have a discussion on con-traceptive choices with the pregnant patient as part of her postpartum management. Typical methods include the following:
• Combination estrogen-progesterone oral contraceptive pills. Advantages include predictable menstrual cyclicity, high efficacy, and reduction in incidences of gynecologic malignancy. In general, estrogen-containing oral contraceptives have historically been avoided during lactation because of concern about a pharmacological reduction in milk supply, although existing data are conflicting. 124 Other contraindications in the CHD population include a history of previous thrombosis (not requiring maintenance anticoagulation), cyanosis, or elevated hepatic functions. Because of the relatively thrombophilic state immediately postpartum, combination oral contraceptive pills are usually initiated 21 to 30 days after delivery. • Progesterone-only contraception. This category includes progesterone-only contraceptive pills, depot medroxyprogesterone acetate injections, and subdermal etonogestrel implants. Because progesterone is not considered to increase the risk of thrombosis, any of these methods may be initiated during the postpartum inpatient hospitalization. Long-acting (36-month) subdermal etonogestrel implants (Implanon, Nexplanon) are also widely available. For patients with a history of venous thromboembolism or those with cyanotic conditions, progesterone-only contraception may represent an optimal selection. • Intrauterine device. Although historically the intrauterine device was avoided in patients with CHD because of concern about maternal bacteremia and anemia from menorrhagia, the newer levonorgestrel-releasing intrauterine devices (Mirena, Skyla) may strike an optimal compromise between risk of unplanned pregnancy and effective contraception. Insertion is usually delayed until ≥4 weeks postpartum to minimize the incidence of spontaneous expulsion, although insertion immediately postpartum after placental delivery or at the time of cesarean section has been described. Neither type of intrauterine device appears to affect lactation. 125 • Sterilization. If subsequent fertility is not desired, sterilization via tubal ligation or occlusion procedures may offer the lowest risk of future unintended conception. If cesarean delivery is planned or required, concurrent bilateral tubal ligation may be performed expediently, with a low cumulative 10-year risk of failure (1:133). 126 Office-based hysteroscopic fallopian tubal occlusion with a metallic insert (Essure) offers an efficacious alternative to an abdominal surgical approach, although interval contraception is required until subsequent imaging CLINICAL STATEMENTS AND GUIDELINES is performed to confirm complete occlusion 3 months after the procedure. Recent reports have raised concern that patients with metal allergies or a history of pelvic inflammatory disease or other autoimmune conditions maybe suboptimal candidates for this procedure. 127 Although partner vasectomy may be an option for couples in a monogamous relationship, this procedure does not directly address the risk of pregnancy in an individual CHD patient. Furthermore, because in some cases the male partner may outlive the female partner with CHD, the decision for vasectomy should factor in the possibility that later he may wish to have a family.
CArDIAC CoMPLICATIoNS
Arrhythmias Arrhythmia Risk During Pregnancy Pregnancy is associated with physiological changes that can cause shortening of the PR, QRS, and QT intervals as a result of an increase in heart rate or a leftward shift of the axis (small q wave, inverted T wave in lead III) resulting from an elevation of the diaphragm causing rotation of the heart. Ectopic beats are common and usually benign. 41 However, pregnancy can also lower the threshold for ventricular arrhythmias and reentrant SVT; therefore, clinically significant arrhythmias are not uncommon in pregnant women with CHD, particularly in those with history of arrhythmias. These are often related to the extra volume load, enhanced adrenergic receptor excitability, and presence of surgical scar. In a single-center study of 73 women with 83 pregnancies, 44% of women showed recurrence of tachyarrhythmias during pregnancy or early postpartum. 128 Recurrence rates were 50% to 52% in those with a history of SVT or paroxysmal atrial fibrillation/atrial flutter and 27% in those with a history of ventricular tachycardia. Adverse fetal events occurred in 20% of pregnancies with a 3-to 4-fold higher risk in those who developed antepartum arrhythmias. Thus, the presence of a preexisting arrhythmia in women with complex CHD must be considered at the time of prepregnancy counseling because the recurrence risk may be high. Appropriate antiarrhythmic medications should be continued during pregnancy, with consideration given to increasing the dose as the volume load of pregnancy increases and drug levels decline.
Arrhythmia Management During Pregnancy
In general, the principles of arrhythmia management in pregnant women are similar to those in nonpregnant women, but the underlying hemodynamic conditions specific to each congenital anomaly must be considered. In patients with repaired complex CHD who have residual ventricular dysfunction or other abnormalities, tachyarrhythmias may be associated with hemodynamic com-promise and significant maternal and fetal morbidity (eg, single-ventricle physiology after the Fontan operation). The same is true for those with tenuous hemodynamics (eg, those with Eisenmenger syndrome). It should be kept in mind that untreated maternal arrhythmias lead to poor placental and fetal perfusion, which can result in fetal compromise and even preterm delivery. Additionally, during labor and the postpartum period, cardiac arrhythmias are more prevalent; therefore, women with a history of arrhythmias before conception or who have had documented arrhythmias during pregnancy should be placed on continuous cardiac monitoring (direct or telemonitoring) throughout labor, delivery, and the postpartum period.
Many antiarrhythmic drugs cross the placenta and may adversely affect fetal development; the risk-benefit ratio must be considered in every case. In general, drugs are avoided in the first trimester unless necessary, but if they are required for arrhythmia control, several options are available. Table 4 gives the US Food and Drug Administration classification of the safety of antiarrhythmic drugs during pregnancy. Additionally, direct current cardioversion is safe and may be used to treat hemodynamically unstable arrhythmias. Radiofrequency catheter ablation therapy, however, is discouraged and should be considered only in drug-refractory, poorly tolerated arrhythmias (see Cardioversion).
Paroxysmal SVT
Digoxin or β-blockers are often used to treat SVT or paroxysmal atrial fibrillation during pregnancy. Adenosine or β-blockers are used for acute exacerbation. Adenosine does not cross the placenta, does not have adverse fetal effects, and will terminate most SVTs involving the atrioventricular node as part of a reentry circuit. Although β-blockers can cross the placenta and may result in fetal bradycardia, hypoglycemia, premature birth, and low birth weight, they are generally well tolerated. The exception is atenolol, which should be avoided during pregnancy because of an increased association with fetal growth retardation. 129 Calcium channel blockers are negatively inotropic, leading to slowing of atrioventricular conduction and reduced heart rate. Used for arrhythmias and maternal hypertension and as tocolytic agents to prevent premature labor and preeclampsia, they pose no teratogenic risk to the fetus. 105, 130, 131 Antiarrhythmic drugs such as quinidine, procainamide, and digoxin may be used in patients with concealed accessory pathway. Digoxin is the safest; most other drugs are in category C. Hemodynamically unstable SVT should be treated with direct current cardioversion.
Atrial Flutter or Fibrillation
Rhythm control is the first step for treatment of atrial tachycardia or flutter. Selective β-blocking agents (eg, TBD, 2017 Circulation. 2017;135:00-00. DOI: 10.1161/CIR.0000000000000458 e18 metoprolol) are recommended drugs of first choice and are considered safe in pregnancy. 68 Sotalol is the only oral antiarrhythmic drug that is considered category B during pregnancy and can be used for atrial flutter, atrial fibrillation, or ventricular tachycardia. Calcium channel blockers can be used for long-term management if other atrioventricular node-blocking agents fail. Drugs such as diltiazem, verapamil, and ibutilide are considered relatively safe (category C) during pregnancy. Because of their potential proarrhythmic effect, class 1C agents such as propafenone and flecainide (category C) should be used when necessary with monitoring for proarrhythmia at initiation. Amiodarone should not be used unless absolutely necessary because of the risk of fetal toxicity. Protection against thromboembolism is recommended in women considered high risk such as those with atrial flutter. The choice of antithrombotic therapy (heparin, antiplatelet therapy) depends on the relative risk and the stage of pregnancy. 68 
Ventricular Tachyarrhythmias
Ventricular arrhythmias may arise or be exacerbated during pregnancy. Patients receiving β-blocker therapy for arrhythmias should continue treatment throughout pregnancy, delivery, and postpartum unless specifically contraindicated because β-blockers are considered safe for mother and fetus. 132 Short-term treatment of ventricular tachycardia includes intravenous lidocaine, which is considered safe during pregnancy (category B) but should not be used during delivery. Intravenous mexilitene and amiodarone can be used in emergency situations. Cardioversion may be necessary for those with hemodynamic compromise.
Heart Block
Atrioventricular block during pregnancy is often progressive and should be closely monitored for need for pacing. If permanent pacing becomes necessary during pregnancy, the procedure should be performed after the eighth week of gestation, and echocardiography-guided insertion is preferred to avoid fetal radiation exposure (see Imaging). 68 In patients paced before pregnancy, pacing is well tolerated. 133 In patients with sick sinus syndrome, the lower rate limit of the pacemaker should be increased to parallel the physiological increase that occurs in first trimester.
Suggestions for Clinical Practice
• Cardiac monitoring (direct vs telemonitoring) is recommended during active labor and delivery for women with history of preconception arrhythmias or those who have developed arrhythmias during pregnancy. • Pacemaker function, including battery life, should be checked before pregnancy.
Mechanical valves and Anticoagulation
Pregnancy in women with mechanical heart valves is associated with significant maternal, fetal, and neonatal risks. Maternal risks include valve thrombosis, thromboembolic complications, heart failure, arrhythmias, endocarditis, and hemorrhage. Fetal and neonatal risks include fetal loss, still births, preterm births, growth restriction, and prematurity. [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] The rates of complications vary in relation to the woman's underlying cardiac condition, the function and location of the mechanical valve, and the type of anticoagulation used during pregnancy. Because of the high-risk nature of these pregnancies, all women should be seen for preconception counseling by a cardiologist with expertise in pregnancy and valve disease. The most common life-threatening complication in pregnant women with mechanical valves is valve thrombosis. The prothrombotic state of pregnancy and the challenge of maintaining therapeutic anticoagulation contribute to thromboembolic complications in this group of women. The risk of thromboembolic complications is higher in women with older mechanical valves (ie, ball and cage valves), in women with valves in the mitral position (compared with the aortic position), when there is >1 implanted mechanical valve, when the valve does not function normally, and when heparin is used for anticoagulation compared with warfarin. Patient compliance is a major factor affecting outcome regardless of the types of anticoagulants used.
To prevent serious thromboembolic complications, therapeutic anticoagulation is required in all pregnant women with mechanical valves. Anticoagulation options include vitamin K antagonists (eg, warfarin), low-molecular-weight heparin (LMWH), and unfractionated heparin (UFH). New direct oral anticoagulants are not used in patients with mechanical valves. The risks and benefits of various anticoagulation options should be discussed with women before pregnancy or, if not previously addressed, at the time of the first antenatal visit. All forms of anticoagulation increase the risk of spontaneous abortion, retroplacental bleeding, stillbirth, and fetal death. Warfarin is the safest anticoagulant for the mother, associated with the lowest rates of maternal thromboembolic complications (2.9%-3.9% of pregnancies) and maternal mortality (1.1%-1.3%). 149, 150 However, warfarin crosses the placenta and can cause an embryopathy if exposure occurs during embryogenesis (6-12 weeks' gestation). Warfarin embryopathy is less common when lower doses of warfarin (≤5 mg/d) are adequate to achieve therapeutic anticoagulation. 151 LMWH does not cross the placenta and is therefore not associated with an embryopathy. However, LMWH is associated with higher rates of thromboembolic complications in pregnant women with mechanical valves. Most thromboembolic complications often occur when LMWH levels are subtherapeutic, and therefore, close monitoring of peak anti-Xa levels is necessary. In studies of pregnant women with mechanical heart valves on LMWH who also had anti-Xa monitoring during pregnancy, thromboembolic complications occurred in 4% to 16% of pregnancies. [143] [144] [145] [146] [147] [148] Rates of thromboembolic complications with UFH range from 13% to 33%. 149, 150 Long-standing use of UFH is associated with osteoporosis and thrombocytopenia.
Management
The management of the pregnant patient on anticoagulation is challenging, with no method being totally devoid of maternal or fetal risk. Detailed preconception counseling should be provided to the patient and partner by a team with expertise in CHD and pregnancy with valvular disease. The importance of compliance with scheduled clinical visits and laboratory appointments to maintain dose adjustments should be emphasized. For women who live far from the adult CHD center, arrangements need to be explored to ensure compliance with the prescribed protocol.
Guidelines on the management of anticoagulation in pregnant women with mechanical valves are available from the European Society of Cardiology 68 and the AHA/ American College of Cardiology (ACC). 152 The AHA/ACC guidelines for the management of patients with valvular heart disease suggest that women who are therapeutic on ≤5 mg/d warfarin should be maintained on warfarin throughout pregnancy until before delivery. Women requiring >5 mg/d warfarin can use LMWH with meticulous monitoring (administered at least twice per day) or continuous intravenous UFH during the first trimester with an activated partial thromboplastin time more than twice normal. Because of the difficulty in attaining stable therapeutic anticoagulation with subcutaneous UFH, it is not recommended in the "2014 AHA/ACC Guideline for the Management of Patients with Valvular Heart Disease." 152 Current guidelines recommend that during the second trimester, all women should be transitioned to warfarin. Women with mechanical valves require close follow-up throughout pregnancy and postpartum. Follow-up, as frequently as weekly, may be required, depending on the clinical status and anticoagulation monitoring requirements. Joint care with an anticoagulation clinic can optimize outcomes. 147 Women taking warfarin should be maintained on the dose necessary to achieve an international normalized ratio between 2.5 and 3. 5. For those who elect to use LMWH, weight-based dosing is inadequate, and meticulous anticoagulation monitoring must be used, aiming for a target anti-Xa level between 0.8 and 1.2 U/mL measured 4 to 6 hours after administration. The measurement of trough levels may also be helpful, although data are scant. [153] [154] [155] In addition to anticoagulants, all pregnant women with mechanical valves should receive low-dose aspirin (75-100 mg once a day).
A coordinated plan for delivery must be developed, documented, and circulated to the obstetric and adult CHD team as the patient approaches her scheduled admission date to allow the transition from warfarin to UFH. It is necessary to discontinue warfarin well before delivery (>1 week) because maternal warfarin use close to delivery results in persisting warfarin effect in the fetus and increases the risk for fetal intracranial hemorrhage during vaginal delivery. Intravenous UFH should be substituted when warfarin is withdrawn and discontinued just before labor. Because of the risk of preterm labor that is known to occur in some women with complex CHD, transfer to UFH or LMWH should be considered at ≈32 to 34 weeks. The timing of induction is individualized but should factor in the individual's risk of a premature delivery. If the patient is on LMWH, it should be withdrawn at least 36 hours before delivery and changed to intravenous UFH. 68 Once active labor begins, heparin is withheld so that epidural anesthesia may be administered. Regional anesthesia should be performed only after clotting studies (activated partial thromboplastin time) have been restored to normal to avoid spinal hemorrhage. A cesarean delivery is required if the mother has not stopped her oral anticoagulant at least 1 week before delivery. Postpartum bleeding is increased in women receiving anticoagulation. UFH should be restarted as soon after delivery as deemed safe by the obstetric team, typically 6 to 8 hours after delivery. The timing of the reintroduction of warfarin varies among centers, but warfarin commonly is restarted within 48 hours of delivery unless there is a hemorrhagic complication.
If valve thrombosis is suspected or if a woman presents with a thromboembolic event, transesophageal echocardiography is the most direct and usually quickest way to assess valve function and thrombus burden. If the transesophageal echocardiography does not provide a definitive answer, fluoroscopy can be used after a discussion with the patient and in accordance with protocols to minimize radiation exposure to the fetus. Pregnant women with thromboembolic complications such as valve thrombosis should be managed at a tertiary care center by a multidisciplinary team that includes cardiac surgeons. Treatment options for a woman with documented valve thrombosis should be individualized and should take into account her clinical status, the severity of valve dysfunction, the thrombus burden, the maternal cardiac status, and the gestational age of the fetus. Treatment options include continuous intravenous UFH, thrombolytic therapy, and valve replacement. Surgery during pregnancy continues to carry a significant fetal risk, with fetal mortality of up to 33% in earlier reports (see Cardiovascular Surgery). [156] [157] [158] Suggestions for Clinical Practice expertise in valvular heart disease and pregnancy in accordance with the AHA/ACC guidelines. The risks to both mother and baby of embarking on a pregnancy should be reviewed in detail, as well as the risks and benefits of each anticoagulation strategy. • Before pregnancy, a comprehensive clinical evaluation should be undertaken, including transthoracic echocardiography to assess valve function. • A detailed plan of care stressing the importance of compliance with scheduled clinical visits and laboratory appointments to maintain therapeutic anticoagulation must be provided to the woman who desires pregnancy and her partner. • To prevent serious thromboembolic complications, therapeutic anticoagulation with frequent monitoring is required in all pregnant women with mechanical valves. • Patients should be managed throughout pregnancy and delivery at a tertiary care center by a multidisciplinary team with expertise in the management of such patients.
• Continuation of low-dose aspirin (75-100 mg/d) is
recommended in the second and third trimesters in accordance with AHA/ACC guidelines. • Discontinuation of warfarin with substitution of LMWH or UFH to achieve therapeutic anticoagulation is recommended at least 1 week before planned delivery. LMWH must be discontinued at least 36 hours before epidural anesthesia, at which time UFH may be substituted.
heart failure
For women with complex CHD, a number of potential factors may increase the risk of developing heart failure during pregnancy. Tachyarrhythmias such as atrial fibrillation or intra-atrial reentrant tachycardia can occur during pregnancy and can precipitate heart failure. The discontinuation of cardiac medications such as ACE inhibitors before or during pregnancy may also increase the risk. Obstetric complications such as gestational hypertension, preeclampsia, and anemia can precipitate heart failure in the high-risk patient. A history of heart failure before pregnancy 4,74 and reduced subaortic ventricular systolic function (ejection fraction <40%) identify women at risk for cardiac complications and mortality. In the ROPAC study (Registry on Pregnancy and Cardiac Disease), cardiomyopathy, NYHA functional class III or higher, WHO risk classification of 3 or greater, prepregnancy heart failure, and pulmonary hypertension were predictors of developing heart failure during pregnancy. 159 Women with leftsided obstructive lesions, D-transposition of the great arteries (D-TGA) with Mustard or Senning operation, congenitally corrected transposition of the great ar-teries (CC-TGA), Eisenmenger syndrome, or significant subaortic ventricular dysfunction are at risk of developing pulmonary edema. [5] [6] [7] 78, 114, 157, [160] [161] [162] [163] [164] [165] Women with repaired right ventricular (RV) outflow tract obstruction (eg, tetralogy of Fallot or pulmonary atresia) are at risk of developing right-sided heart failure. 78, 166, 167 Pregnancy is contraindicated in women with severe systemic ventricular dysfunction (left ventricular ejection fraction <30%, NYHA class III or IV). 1 Women should also be informed of the potential for deterioration (both reversible and irreversible) with systemic ventricular dysfunction during pregnancy. 163, 168 For pregnant women with chronic heart failure, medications should be optimized before delivery. In general, women who develop heart failure should be treated similarly to nonpregnant patients, avoiding fetotoxic medications (ie, ACE inhibitors, angiotensin receptor blockers, aldosterone antagonists), and β-blockers should be continued. Hydralazine and oral isosorbide dinitrate can be used as afterload-reducing agents as alternatives to ACE inhibitors and angiotensin receptor blockers.
Acute heart failure typically occurs in the late second or third trimester or early postpartum and may be precipitated by eclampsia or preeclampsia. 159 It is important to differentiate the normal signs and symptoms of pregnancy from those of heart failure. Although avoidance of radiation is optimal, if the diagnosis of pulmonary edema is in question, a chest radiograph should be performed to facilitate a diagnosis of pulmonary edema. Serum BNP can be helpful for diagnosis. 18 Potential precipitants such as hypertension or anemia should be treated. Women with pulmonary edema or right-sided heart failure should be treated with loop diuretics such as furosemide, but these should be used judiciously, beginning with a low dose, because they can decrease placental flow. Digoxin is safe in pregnancy. Vasodilators such as nitroprusside and nesiritide have potential fetal toxicity. Although safety data are not available, inotropic drugs such as dopamine or dobutamine have been used in women with heart failure who are not responding to conventional medical therapy.
Management
Women with ventricular dysfunction require close followup throughout pregnancy and delivery at a regional center by an adult CHD multidisciplinary team with a preliminary delivery plan in place in the event of early decompensation necessitating early delivery. Women with refractory heart failure should be managed at a center with ventricular assist device and heart transplantation capabilities.
During the antenatal period, heart failure therapy is tailored to the individual patient and is based on information from the patient on changes in symptoms such as sudden weight gain and peripheral edema in excess of expected changes during pregnancy. The patient should CLINICAL STATEMENTS AND GUIDELINES be instructed on exercise allowances and limitations and the need to rest/sleep in the lateral decubitus position.
Women who are clinically symptomatic may require weekly visits; women who remain clinically stable may be seen less frequently. Repeated transthoracic echocardiograms facilitate the assessment of ventricular function, valvular regurgitation, and RV systolic pressure when necessary.
Induction of labor is determined by the clinical course but should be delayed beyond week 37 unless there is a threat to maternal or fetal morbidity and mortality. Early delivery may be required in pregnant women with refractory heart failure, and this may necessitate a cesarean section delivery. Careful pain management with early epidural analgesia and a facilitated second stage of labor may help to prevent complications. 168a Fetal lung maturity must be addressed, and corticosteroids should be given when necessary. Prostaglandin E analogs, used during induction, can decrease SVR and contribute to reflex tachycardia; these changes can be detrimental to women with heart failure, and careful monitoring is required. Oxygen saturation monitoring should be used at the time of labor and delivery in women with heart failure. Arterial blood pressure monitoring and Swan-Ganz catheterization may be used in women with acute heart failure or significant subaortic ventricular dysfunction to optimize hemodynamic monitoring and fluid status. To avoid fetal compression of the inferior vena cava, women should labor in the left lateral decubitus position. The amount of intravenous fluid administered at the time of labor and delivery should be minimized to prevent volume overload. Reassessment of volume status after delivery is important.
The risk of heart failure continues after delivery, and frequent clinical evaluations should continue in the postpartum period. ACE inhibitors may be restarted postpartum; both captopril and enalapril have been used in breastfeeding women. 169 Most β-blockers can be used during breastfeeding, although atenolol is not recommended.
Suggestions for Clinical Practice
• Preconception counseling is important for women at risk of developing heart failure during pregnancy. • Pregnancy is contraindicated in women with severe systemic ventricular dysfunction (left ventricular ejection fraction <30%, NYHA class III or IV). • For pregnant women at high risk for heart failure, frequent surveillance during pregnancy is necessary. • Women who develop heart failure during pregnancy should be treated similarly to nonpregnant patients, avoiding fetotoxic medications. • Women should be followed up at a center with experience in pregnancy and heart disease.
• Before delivery, a detailed delivery plan should be circulated to all members of the healthcare team.
Cyanosis (Excluding Patients With Eisenmenger Syndrome)
Cyanosis in a patient with unrepaired or palliated complex CHD indicates the presence of a right-to-left shunt at the atrial, ventricular, or ductal level. As pregnancy advances, hypoxemia may worsen because of the fall in SVR, which increases the right-to-left shunt. 7, 68, 117 Because of the inherent clotting abnormalities associated with cyanosis, patients are at increased risk of both thrombosis and hemorrhage. The prothrombotic state of pregnancy enhances the risk of thrombosis, in addition to the other risks of heart failure, arrhythmias, hemoptysis, and endocarditis. 7, 68, 117 Maternal cyanosis also carries substantial risk to the fetus with a higher chance of fetal loss in the first trimester, prematurity, and small-for-gestational-age infants. The risk is higher with greater maternal hypoxia, and if maternal oxygen saturation is ≤85%, only 12% of infants are born alive. 7,79,169a Management Little is known about the optimal management of women with cyanosis during pregnancy, but because cyanosis poses serious risks for the mother and the fetus, pregnancy should be discouraged until the defect is repaired. If pregnancy is unplanned, termination should be considered. If a decision to proceed with pregnancy is made, patients with cyanosis require very close monitoring at a regional center with an experienced adult CHD team (see Pregnancy Management). Hemoglobin and hematocrit should also be monitored, with careful iron supplementation to avoid relative anemia. 68 Phlebotomy is not recommended because of the risk of iron deficiency and lack of benefit in nonpregnant patients. 169b Oxygen saturations should be measured at each clinic visit. Supplemental oxygen is unlikely to improve saturations dramatically in women with CHD, but it may slightly increase oxygen delivery to the placenta, and its initiation should be individualized for the patient. Given the increased risk of prematurity and small-for-gestational-age neonates, fetal growth should be closely monitored.
Anticoagulation remains a complex issue. Heparin, either UFH or LMWH, may be useful, particularly for women who are on bed rest. Compression stockings or sequential compression devices should be considered in women who are hospitalized or on bed rest.
The timing and mode of delivery should be individualized. Delivery should be in a center with expertise in high-risk obstetrics and preferably with adult CHD. Oxygen would generally be used during labor and delivery. Because of the right-to-left shunting, air filters should be used on all intravenous lines. Diuretics should be used TBD, 2017 Circulation. 2017;135:00-00. DOI: 10.1161/CIR.0000000000000458 e22 cautiously to avoid hemoconcentration. Vaginal delivery is preferred, with cesarean section typically reserved for obstetric indications. If a cesarean section is indicated, anesthesia should be managed by a cardiac anesthesiologist. 170 Repair of the hysterotomy should be done inside the abdomen without exteriorization of the uterus to prevent venous air embolus. For vaginal delivery, an assisted second stage may be required. Patients should be monitored by telemetry with continuous pulse oximetry. There should be close monitoring for postpartum hemorrhage with aggressive management. Volume status should be carefully monitored during labor and postpartum. Patients will be at risk of both volume depletion and volume overload.
Because the critical period for major cardiovascular events is the first 24 to 48 hours after delivery, close observation in the intensive care unit is usually indicated. Early ambulation with support stockings can reduce risk of thromboembolism. Because of the continued risk of future pregnancies, contraception should be discussed with appropriate arrangements before discharge stressing the importance of avoiding an unplanned pregnancy. Cardiac follow-up commonly should be within 1 to 2 weeks of discharge. The patient should be instructed on any worrisome signs and symptoms to report before scheduled follow-up appointments.
Suggestions for Clinical Practice
• Prepregnancy counseling should be provided by a cardiologist with expertise in the management of such patients. Because of the increased risk associated with cyanosis to the mother and high risk of fetal loss, pregnancy termination should be considered. • Thromboembolic prophylaxis should be used for patients on prolonged bed rest for cardiac or obstetrical reasons, including compression stockings, sequential compression devices, air filters on intravenous lines, and use of low-dose heparin, but each case should be individualized. • Patients with right-to-left shunts should have filtered vascular lines to prevent paradoxical air embolization. • Delivery of patients with cyanotic CHD should be managed by a multidisciplinary team in a tertiary care center.
Interventional Therapies
Transcatheter Diagnostic Procedures and Interventions
Transcatheter diagnostic and interventional procedures may be performed during pregnancy when necessary and when no alternative is available (see Imaging). 87 Minimizing fetal radiation exposure can be accomplished by shortening fluoroscopic time, reducing the x-ray tube voltage, reducing the tube current, reducing the imaging frames per second to the lowest setting (usually 7.5 frames per second), using single-plane fluoroscopy, and avoiding cineangiography. Internal jugular or subclavian/ radial approaches are preferable, avoiding femoral access if possible. In addition, the use of complementary imaging modalities such as transthoracic echocardiography, intracardiac echocardiography, transesophageal echocardiography, and 3-dimensional MRI and CT overlay techniques may significantly reduce radiation exposure. Invasive diagnostic catheterization is seldom necessary during pregnancy in women with CHD. The rare patients who may require it include those in whom pulmonary artery pressure and arterial resistance cannot be estimated with noninvasive methods. Transcatheter interventional procedures are rarely performed during pregnancy, and if a procedure is considered, the patient should be referred to an adult CHD center with interventional expertise in the treatment of such conditions. 171 RV obstructive lesions are generally well tolerated, and an intervention to relieve pulmonary stenosis is rarely necessary during pregnancy in the absence of RV failure or symptoms of RV pressure overload. 167 Pulmonary balloon valvuloplasty may be performed successfully during pregnancy with expected improvement in the degree of stenosis. 172 Transcatheter occlusion of various shunts can be performed with transcatheter techniques but is rarely indicated during pregnancy. Transcatheter closure of atrium-level shunts could be considered in pregnant women with cyanosis because of right-to-left shunting at the atrial level and poor fetal growth. However, this should not be done in the presence of elevated pulmonary arterial resistance or right heart failure. In the context of paradoxical embolism and stroke, closure of an atrial septal defect or patent foramen ovale is not usually performed in pregnancy. Severe aortic valve stenosis may be associated with maternal and fetal cardiac complications, including premature labor and heart failure (see AS and Left Ventricular Outflow Tract Obstruction). 161, 173 Transcatheter balloon aortic valvuloplasty may be performed successfully during pregnancy, but only in those with a mobile, pliable valve and no more than mild aortic regurgitation. 174 
Cardiovascular Surgery During Pregnancy
Cardiothoracic surgery should be avoided during pregnancy unless absolutely necessary. When other treatment options fail, an experienced multidisciplinary team usually can safely perform and facilitate cardiovascular surgery on the pregnant patient. Emergent surgery confers a higher risk of maternal and fetal complications than elective surgery. Fetal prematurity and death are associated with urgent, high-risk surgery, maternal comorbidity, and early gestational age. 158, 176 
CLINICAL STATEMENTS AND GUIDELINES
Patients with CHD often have had 1 or more prior operations when they become pregnant. These patients are more likely to require urgent or emergent operations during pregnancy than patients without CHD. Maternal mortality associated with cardiopulmonary bypass (CPB) during pregnancy was once reported to be 3% to 15%. 171 In the current era, the maternal mortality rate is similar to that of CPB in nonpregnant women. 156, 177 Fetal mortality rates of 16% to 33% have been reported in early series when CPB is required during pregnancy. 156 Maternal mean arterial blood pressure decreases during CPB, and there is a reduction in pulsatile uterine blood flow. These factors can cause uteroplacental hypoperfusion, which can precipitate uterine contractions.
Fetal loss is associated with urgent, high-risk cardiac surgery, maternal comorbidities, and operations performed at an early gestational age. Data suggest that fetal mortality can be decreased when cardiac surgery is delayed and the fetus is allowed to mature. 176, 178 Additional measures used to reduce fetal risks include avoiding hypothermia, 179 minimizing intraoperative blood loss, using normothermic CPB, minimizing CPB times, maintaining a high CPB flow rate (>2.5 L·min −1 ·m −2 ), and maintaining a mean arterial pressure >70 mm Hg while the patient is on CPB. 180 In addition, maintaining uterine displacement to avoid aortocaval compression appears to provide fetal protection by avoiding impairment of uteroplacental blood flow. Uterine displacement is performed for any parturient at a gestation of >20 weeks and can be accomplished by placing the patient in the left lateral recumbent position during CPB.
Cardioplegia may increase serum potassium levels, particularly in cases with prolonged periods of cardioplegic arrest. Maternal serum potassium concentration is closely monitored and modified as needed. In addition, optimizing maternal oxygen saturation and avoiding maternal hypoglycemia are important for preventing fetal bradycardia. 181, 182 Delaying maternal cardiac surgery when possible minimizes the risks associated with prematurity and fetal demise. Fetal heart rate monitoring during CPB is generally recommended at a gestational age >24 weeks. CPB flow rates, mean arterial pressure, and maternal temperature are optimized to maintain fetal heart rates between 110 and 160 bpm. Prolonged fetal bradycardia (<80 bpm) that is unresponsive to therapeutic strategies is an indication for cesarean delivery if the fetus is at a viable gestational age.
Limited data document the safety of anesthetic agents used for cardiac operations during pregnancy. Adverse maternal and fetal outcomes from cardiac surgery during pregnancy are generally related to the underlying cardiac status of the mother and the urgency and duration of CPB. Sympathomimetic agents such as ephedrine and phenylephrine can be used to maintain perfusion pres-sure, although increasing CPB flow rates is preferable and will result in increased placental perfusion. 183 One of the most critical and challenging decisions in the management of the parturient with cardiac disease is determining the optimal timing of cardiac surgical intervention. Maternal risk may decrease with early intervention, but early intervention increases the risk of fetal compromise.
Delaying cardiac surgery until after delivery may result in excess maternal morbidity and mortality. If the fetus is of advanced gestational age and the planned maternal surgery is anticipated to be complicated or prolonged in length or anticoagulation will be needed, delivery before CPB should be considered. Cesarean delivery has been successfully performed immediately before or even while the mother was on CPB. 184 other Cardiac Therapies
Cardiopulmonary Resuscitation
Cardiac arrest occurs in 1 in 30 000 pregnancies, 185 with CHD being the third most common cause of arrest in cardiac patients. Management is in accord with current resuscitation guidelines with the same protocols as for nonpregnant patients 185, 186 with modifications that account for the impact of the gravid uterus on maternal cardiopulmonary function. At a gestation age of 20 weeks and beyond, the pregnant uterus can press against the inferior vena cava and the aorta, impeding venous return and cardiac output. Uterine obstruction of venous return can produce prearrest hypotension or shock and in the critically ill patient may precipitate arrest. 186 Positioning the patient in the left lateral tilt results in improved maternal hemodynamics. 186 In accordance with the 2015 guidelines, a "bundled emergency code call" (eg, maternal code blue) to all necessary responders may save time and avoid confusion. 185 This team should include obstetrics, obstetrical anesthesiology, cardiology, and neonatology.
Defibrillation can be performed according to the recommended advanced cardiac life support guidelines because pregnancy does not change thoracic impedance or defibrillation thresholds. Although there is a small risk of fetal arrhythmias, defibrillation is considered safe at all stages of pregnancy. 185 Additionally, if fetal monitoring is being used, it should be removed during defibrillation. Intravenous access should be above the umbilicus (diaphragm) because medications and volume given via femoral access may be limited by aortocaval compression by the uterus.
Cardiopulmonary resuscitation may require a more cephalad hand positioning than usual if the uterus is above the umbilicus. Manually pushing the uterus leftward ≈1.5 cm from midline will alleviate the aortocaval compression more effectively than left lateral positioning while retaining the advantages of supine positioning TBD, 2017
Circulation. 2017;135:00-00. DOI: 10.1161/CIR.0000000000000458 e24 for cardiopulmonary resuscitation. 187 If resuscitation is ongoing for 4 minutes and the uterus is sufficiently large to cause aortocaval compression, a cesarean section should be performed. The cesarean delivery early in resuscitation may be lifesaving for the mother because it alleviates aortocaval compression. 187 
Cardioversion
Cardioversion can be performed safely with standard protocols. 188, 189 Because the energy transmission to the fetus is minimal, the risk of inducing fetal arrhythmia is very small and should not preclude effective treatment of maternal arrhythmias requiring cardioversion.
Ablation
Although ablation is seldom required in pregnancy, it may be indicated in patients who develop tachyarrhythmias that are poorly tolerated and refractory to medical therapy. There are case reports of ablations performed in pregnancy, with a general strategy to minimize fluoroscopy during the procedure. 189,189a,190 Fetal exposure can be minimized, particularly with current mapping technology and the use of short bursts of fluoroscopy, as previously described (see Pregnancy Management).
Only providers with expertise in minimizing fluoroscopy should perform ablations in pregnant women. 68 
Implantable Defibrillators and Pacemakers
Implantable cardiac defibrillators (ICDs) are well tolerated in pregnant women. 190, 191 Similarly, pacemakers present no problem in pregnancy. However, the pacemaker should be interrogated, ideally before pregnancy, to evaluate lead function, battery life, presence of arrhythmias, and determination of pacemaker dependency. For patients with pacemakers for sick sinus syndrome, the lower rate limit of the pacemaker should be increased to parallel the physiological heart rate increase that normally occurs during pregnancy. 105, 133 Pacemaker or ICD implantation can be performed with little to no radiation. For ICD implantation, one should consider the hemodynamic impact of testing the device on maternal and fetal stability. As with ablation, providers experienced in techniques that minimize radiation should perform these procedures. There is no evidence suggesting that an ICD should be turned off during delivery. Recent studies show that no arrhythmias or ICD discharges were precipitated during delivery. 191 However, if electrocautery is used for cesarean section, the ICD should be deactivated with a portable defibrillator on standby.
SPECIfIC LESIoNS Pulmonary Arterial hypertension
Pulmonary hypertension, considered one of the least well-tolerated conditions in the pregnant patient, is de-fined as an increase in mean pulmonary arterial pressure ≥25 mm Hg at rest. 192, 193 In patients with CHD, pulmonary arterial hypertension (PAH) most commonly occurs as a result of long-term left-to-right shunting, leading to increased pulmonary flow that eventually causes high PVR, resulting in reversed or bidirectional shunts, which is referred to as Eisenmenger syndrome. It should be noted, however, that PAH may also develop in patients who have undergone surgical or transcatheter repair of their defects.
Eisenmenger syndrome is associated with decreased oxygen saturation in the systemic circulation, cyanosis, and erythrocytosis. [194] [195] [196] [197] Although maternal mortality has declined in recent years, it remains unacceptably high, reportedly between 30% and 50%, and thus, pregnancy is contraindicated. 4 The greatest risk of death is in the postpartum period but may extend beyond 6 weeks after delivery. 4, 164, 193 The hemodynamic factors occurring in pregnancy that contribute to poor clinical outcomes in PAH include the following:
• Pulmonary vascular disease prevents the fall in PVR normally associated with pregnancy, leading to a further rise in pulmonary artery pressure. The obligatory increase in cardiac output cannot be achieved, thereby resulting in right-sided heart failure. • Plasma volume increases by 50% by the third trimester with resultant volume overload of a poorly compliant RV that is unable to adequately augment its output. • In Eisenmenger syndrome, the decrease in SVR of pregnancy augments right-to-left shunting, worsens hypoxia and cyanosis, and thus may increase the pulmonary arterial resistance. • During labor and delivery, the risk of cardiovascular collapse increases as a result of hemodynamic perturbations, including volume shifts caused by blood loss and uterine contractions, withdrawal of sympathetic tone, or RV failure. • The prothrombotic changes of pregnancy may contribute to in situ pulmonary thrombosis in the context of abnormal pulmonary vasculature and preexisting pulmonary thrombus. Death may be attributed to arrhythmias, RV failure, or hemorrhage, which decreases blood volume and increases left-to-right shunting as a result of a decrease in SVR, which increases cyanosis and tissue hypoxia. Fetal loss is equally high, with rates of spontaneous abortion of 40% to 50%. 164, [193] [194] [195] [196] [197] The fetus is typically exposed to a hypoxic environment and is at risk for intrauterine growth restriction and preterm delivery.
The prognosis in patients with PAH, whether they are cyanotic or not, is driven largely by RV function. Those with preserved RV systolic function and normal central venous pressure are well compensated; those with failing RVs, as manifested by increased central venous CLINICAL STATEMENTS AND GUIDELINES pressure and decreased cardiac output, are decompensated and have a far worse prognosis. The degree of pulmonary arterial resistance elevation plays a major role, but so does the chronicity of pulmonary hypertension. Those with large central congenital defects (eg, ventricular septal defect or patent ductus arteriosus) have a high pressure and high flow pulmonary arterial circuit until the pulmonary arterial resistance inevitably rises, eventually resulting in the Eisenmenger syndrome. Patients with congenital heart disease with pulmonary hypertension and cyanosis are invariably limited by cyanosis and a variety of other multisystem derangements, but their RV function may be preserved. On the other hand, RV function in women who develop PAH later in life (eg, those with atrium-level shunts or idiopathic pulmonary hypertension) is often reduced, as is the cardiac output.
Women with PAH should be strongly counseled against pregnancy at the time the diagnosis of PAH is made with appropriate contraceptive provided. If they do become pregnant, the safer option is termination of pregnancy, but termination in these patients, particularly beyond 12 weeks, is also considered high risk and managed accordingly (see Termination of Pregnancy).
In the current era of pulmonary vasodilators and pulmonary vascular remodeling agents, the outcomes of pregnancy in Eisenmenger syndrome have improved somewhat, and the use of such agents should be considered early in pregnancy. 4, 5, 68 Although endothelin receptor antagonists are teratogenic and prohibited in pregnancy, phosphodiesterase-5 inhibitors are used and may be effective. Both nebulized iloprost and intravenous iloprost have been used safely. 198 More intensive parenteral or subcutaneous infusion with prostacyclin can also be used during pregnancy to decrease the likelihood of RV failure. These targeted pulmonary vascular therapies are aimed at reducing pulmonary arterial resistance to stabilize the RV function and can be used in conjunction with the cautious use of diuretics. However, the outcome for many of these women is still often fatal, and publication bias means that the poor outcomes are often not reported. The choice of therapy and the stage of pregnancy at which it should be introduced remain uncertain.
Management
For the woman who chooses to proceed with pregnancy, a detailed plan of care must be organized once fetal viability is established at about 24 to 28 weeks of gestation. The pregnancy and delivery should be carried out in a tertiary center with a multidisciplinary team that includes a pulmonary hypertension specialist. Management is focused on the optimization of RV preload and systolic function and reduction in PVR. Therefore, the patient should be followed up monthly or more frequently as needed because deterioration may occur as early as the second trimester. The arterial saturation should be moni-tored, and if it drops below 85%, admission is warranted for fetal monitoring. Baseline laboratory studies should include a complete blood count, platelets, electrolytes, and coagulation panel. In the patient with Eisenmenger syndrome, iron deficiency may occur. Iron supplementation should be given in small doses, and the erythrocyte response should be checked periodically to ensure that excessive erythrocytosis does not occur. 94, 195 Echocardiography should be obtained regularly to monitor decreases in RV function and tricuspid regurgitation. If the patient exhibits sign of failure with significantly elevated jugular venous pressure, the addition of diuretics such as furosemide is indicated. Although important in controlling RV volume overload, diuretics should be used judiciously to avoid hemoconcentration and intravascular volume depletion. Spironolactone is contraindicated because of antiandrogenic effects.
If followed up on an outpatient basis, the patient should be cautioned to minimize cardiac demands through reduced activity levels, enhanced bed rest with legs elevated, limited salt intake, and resting in a lateral position to avoid caval vein compression and to maintain venous return. The addition of anticoagulation is controversial but should be considered if the patient has a prepregnancy indication such as atrial fibrillation or history of thrombotic event or when admitted for bed rest. 5, 199 Hospital admission for bed rest and monitoring is usually recommended by the third trimester. 5, 68, 193, 195 Cardiac monitoring, pulse oximetry, peripheral vein access for fluids with bubble filters to avoid the risk of air emboli, and compression stockings to avoid venous stasis should be standard care for all in-patients. Oxygen therapy is indicated in the event of arterial desaturation or maternal decompensation. Low-dose subcutaneous heparin may be used, but there is greater concern for hemorrhagic complications in the cyanotic patients who have an inherent bleeding diathesis with concomitant thrombocytopenia. 164 More invasive monitoring such as with an arterial line and central venous catheter for monitoring right atrial pressure should be considered for the patient who begins to show signs of decompensation, in preparation for delivery, and for managing fluid volume, as well as for careful monitoring during the postdelivery period. Placement of a pulmonary artery catheter should be avoided because the benefits of the information obtained are outweighed by the risks. 195, 196 The timing and mode of delivery, although contentious, will depend on the clinical status of the mother and fetal maturity. If vaginal delivery is selected, then induction of labor is recommended. Careful regional anesthesia may be used with an assisted second stage of labor because bearing down must be avoided. For many patients, delivery by cesarean is elected in an attempt to abbreviate the duration of hemodynamic perturbations or because of maternal decompensation. 4, 5, 162, 195 Regional anesthesia has been used, but if epidural anesthesia is selected, then small incremental doses must be used, and single-dose spinal anesthesia must be avoided because of the risks of hypotension.
Large-volume boluses and excessive blood loss can destabilize the hemodynamics of the patient during the peripartum period and should be avoided. Volume overload should be treated with diuretics. Inhaled nitric oxide can decrease pulmonary arterial resistance further and improve pulmonary blood flow and oxygenation and is indicated for women with cardiac decompensation. Inhaled supplemental oxygen is often used in conjunction with nitric oxide to improve oxygenation. Continuous ECG, pulse oximetry, and invasive arterial pressure monitoring are important during delivery. Oxytocic drugs may have harmful effects and should be avoided.
Given the reported high risk of mortality in postpartum period, these patients should recover in an intensive care unit with the capability of monitoring cardiac pressure, arterial pressure, oxygen saturation, and central venous pressure. Intravenous anticoagulation such as UFH is used in the postpartum period to reduce the risk of thromboembolic complications. However, the benefit of these agents must be weighed against the risk of postpartum bleeding, which is higher in a cyanotic patient because of the inherent bleeding diathesis.
Hospital discharge should be delayed 7 to 10 days after delivery or longer to continue monitoring for complications such as RV failure and to adjust the dose of pulmonary vasodilators.
AS and Left ventricular outflow Tract obstruction
Congenital bicuspid aortic valve is the most common cause of AS in women of childbearing age. Patients with severe AS may first become symptomatic during pregnancy. Echocardiography is the diagnostic test of choice for patients with suspected AS; it confirms the diagnosis, determines the severity, and identifies associated conditions. Prepregnancy exercise testing is recommended in asymptomatic patients with AS to confirm symptom status and to identify high-risk features such as reduced exercise capacity, abnormal blood pressure response, ischemic electrocardiographic changes, and arrhythmias during exercise. 152 Bicuspid aortic valve is often associated with aortic dilatation. All women with a bicuspid aortic valve should undergo imaging of the aorta before pregnancy to assess aortic dimensions and to rule out coarctation. Ascending aortic replacement should be considered before pregnancy when the aortic diameter is >50 mm.
Maternal cardiac morbidity during pregnancy is related to AS severity and symptoms. The increased cardiac output that occurs during pregnancy adds a volume load to a pressure-loaded left ventricle, which, in addition to the fall in afterload, can lead to an increase in gradi-ent. 200 Pregnancy is well tolerated in asymptomatic patients with mild (mean gradient <25 mm Hg) or moderate (mean gradient, 25-40 mm Hg) AS. Patients with severe AS (mean gradient >40 mm Hg, atrioventricular area <1.0 cm 2 ) may tolerate pregnancy and remain asymptomatic, but careful individualized assessment is needed 173, 201, 202 because complications occur with increased frequency. The most common complications include heart failure and arrhythmias; angina is less common. 161 Pregnancy is not advised for symptomatic patients with severe AS or asymptomatic patients with severe AS and impaired left ventricular function, abnormal exercise test with the development of arrhythmia, evidence of myocardial ischemia, failure to augment blood pressure, or ventricular dysfunction, as well as severe left ventricular hypertrophy. These patients should be referred for valvuloplasty or valve replacement before pregnancy. Recent progression of AS severity warrants additional surveillance before declaring whether it is safe to proceed with pregnancy. 68, 152 Management During pregnancy, the patient with moderate or severe AS should receive regular follow-up by an experienced multidisciplinary team. These patients may become more symptomatic as pregnancy progresses as the volume load increases and the fall in afterload exaggerates the aortic gradient. They should be evaluated frequently to assess for early signs and symptoms of heart failure, angina, or syncope/presyncope. The frequency of evaluations is individualized. High-risk patients may need to be hospitalized and seen daily; others, weekly or monthly. Echocardiography is recommended frequently to reassess AS severity and ventricular function. An ECG should be reviewed initially for signs of left ventricular strain or ischemia and thereafter if the patient develops chest pain or tachycardia. Congestive symptoms should be promptly assessed, and surgical or percutaneous intervention should be considered.
Percutaneous valvuloplasty can be undertaken during pregnancy in severely symptomatic patients not responding to medical therapy when AS is associated with a noncalcified valve and there is minimal regurgitation. 203 For patients with life-threatening symptoms and AS not amenable to percutaneous therapy, valve replacement may be required. This can be performed during pregnancy or timed with caesarean delivery. 158 Before delivery, a detailed delivery plan should be developed and circulated to all members of the multidisciplinary team. A planned induction of labor is suggested; the timing depends on the patient's cardiovascular status. In the stable patient, labor is generally induced at or after 39 weeks' gestation in an effort to prevent spontaneous onset of labor during off-hours when an experienced multidisciplinary team is not available. The timing of induction may vary, depending on maternal hemodynamics and symptom status. 
CLINICAL STATEMENTS AND GUIDELINES
In nonsevere AS, vaginal delivery is generally favored. If the aorta is dilated or if the patient is clinically stable, the delivery is facilitated by the use of forceps or vacuum delivery. Regional anesthesia and analgesia are used, and the aim is to avoid a decrease in peripheral vascular resistance during delivery. In a symptomatic patient with severe AS, caesarean delivery with endotracheal intubation and general anesthesia may be considered.
Limited data are available on the preferred mode of delivery in patients with bicuspid aortic valve and dilated aorta. If the aorta has increased substantially in size during pregnancy or is >4.5 cm, it is reasonable to consider a caesarean delivery. 68 Monitoring during labor and delivery is dictated by the severity of the AS and functional status of the patient. In the absence of symptoms, electrocardiographic monitoring may be used during active labor and delivery. Placement of an arterial line and a pulmonary artery catheter can be considered in the patient with left ventricular dysfunction in an effort to maintain ventricular pressures by maintaining cardiac filling without excessive preload, which could result in pulmonary edema. 204 Antibiotic prophylaxis for endocarditis at the time of vaginal delivery is not routinely recommended. However, some experts continue to administer antibiotics because the risk of developing endocarditis has such serious consequences.
Patients with severe AS also have increased potential for obstetric complications. Intrauterine growth retardation, preterm birth, and low birth weight have been reported to occur in up to 25% of the offspring of mothers with moderate and severe AS. 161 Although less common, AS in pregnant women may be attributable to subvalvular and supravalvular AS. These lesions are managed during pregnancy with principles similar to those for patients with valvular AS, although percutaneous intervention is not an option in either of these disorders.
After delivery, the patient who is clinically stable may recover similarly to the general obstetric patient but with telemonitoring for the first 24 hours. The hemodynamic changes of pregnancy may take up to 6 months to normalize; the patient is generally seen by the cardiologist within the first few months after delivery to reassess clinical status. Long-term follow-up is critical for women with moderate to severe AS to reassess the hemodynamics and to provide counseling about future pregnancy. 173 
D-Transposition of the Great Arteries (D-TGA):
Congenitally Corrected Transposition of the Great Arteries (CC-TGA or L-TGA)
Transposition of the great arteries most commonly occurs as 1 of 2 abnormalities, either D-TGA or L-transposition of the great arteries.
L-transposition of the great arteries is often referred to as CC-TGA because, in addition to transposed great vessels, ventricular inversion is present, which results in a physiologically normal circulation, although with the RV as the systemic pump. Patients with CC-TGA may have had prior surgery or may be unoperated. Surgery is most common in those with concomitant abnormalities such as ventricular septal defect or pulmonary stenosis. Adults with CC-TGA are at risk for complete heart block and systemic atrioventricular valve regurgitation (the anatomic tricuspid valve) and heart failure. D-TGA must be repaired, however, because the parallel circulation that results from the aorta arising from the RV and pulmonary artery from the left ventricle is not compatible with long-term survival. However, the type of repair depends on the era in which the child was born and concomitant cardiac abnormalities.
Atrial Repair
The atrial repair of D-TGA, also known as an atrial switch (Mustard or Senning repair), involves the redirection of the systemic and pulmonary venous return at the atrial level so that deoxygenated blood returns to the left ventricle and then to the pulmonary artery, and oxygenated blood returns to the RV and then the aorta. With an atrial switch repair, the circulation is physiologically normal, but again, the RV serves as the systemic ventricle. Adults with an atrial switch repair are at significant risk for sinus node dysfunction and atrial arrhythmias resulting from atrial surgical scarring related to the Mustard or Senning repair and sudden death resulting from ventricular arrhythmias. 205 Baffle obstruction or leak can occur; heart failure caused by systemic ventricular dysfunction is a significant concern; and pulmonary hypertension is seen in a minority of patients. 206, 207 Pregnancy in a patient with a systemic RV, whether D-TGA with an atrial switch or CC-TGA, may be poorly tolerated. The increased blood volume, heart rate, stroke volume, and cardiac output that occur with pregnancy may unmask heart failure, worsen tricuspid regurgitation, or exacerbate arrhythmias. 32, 162, 205 In a multicenter study of 70 pregnancies, cardiac complications occurred in 36% of pregnancies, including arrhythmias, heart failure, and hemoptysis, with these complications developing in the third trimester. 162 Some data suggest that pregnancy accelerates the decline in systemic RV function and progression of systemic atrioventricular valve regurgitation. This may result in an irreversible decrement in either systolic function, functional capacity, or both. 163, 208, 209 Other studies suggest, however, that RV function is not changed by pregnancy. 210 Because data are derived from small case series, the data are controversial, and as with many concerns about pregnancy and CHD, it is difficult to determine whether the decline in systemic RV function is simply a function of time or truly is made worse by preg-
Circulation. 2017;135:00-00. DOI: 10.1161/CIR.0000000000000458 e28 nancy. 168 Regardless of cause, heart failure can complicate both the pregnancy and the years after pregnancy. Thus, patients who want to become pregnant should be counseled accordingly. Preconception evaluation of the patient with D-TGA or CC-TGA should be directed toward ventricular and valvular function and the presence of arrhythmias and should include echocardiogram or MRI, cardiopulmonary exercise testing, and Holter monitoring.
More invasive hemodynamic assessment is indicated only if history, examination, imaging, or exercise testing suggests a significant hemodynamic lesion that warrants invasive investigation or treatment such as heart failure, residual shunt, pulmonary hypertension, coronary ischemia, or obstruction of Mustard/Senning pathways.
Patients with moderate to severe ventricular dysfunction (NYHA class III or IV) should be advised against becoming pregnant.
Management
Because of the potential for deterioration during pregnancy, once pregnancy is confirmed, a careful history and clinical examination are needed with a baseline ECG and echocardiogram. In patients with moderate or severe ventricular dysfunction, baseline BNP may be useful as an indicator of ventricular overload in patients who begin to develop symptoms during pregnancy. For those with a history of arrhythmias, an ECG or interval ambulatory ECG monitoring should be done if the patient complains of palpitations.
If clinically stable, the patient may be seen by a cardiologist every 4 to 6 weeks in the second trimester and every 2 to 4 weeks in the third. Women who become symptomatic may require visits as often as every 1 to 2 weeks. Patients who remain asymptomatic may continue routine activities but should be cautioned to restrict active exercise as they progress with pregnancy and to rest at regular intervals; they should also monitor the amount of dietary sodium and report persistent peripheral edema, especially if associated with increased dyspnea.
Before delivery, a detailed delivery plan should be developed and disseminated to team members. If a patient has become symptomatic, induction of labor should be considered after week 39 or earlier as indicated by clinical presentation. Depending on the clinical status at the time of admission, pulse oximetry and cardiac monitoring during active labor and delivery may be all that is required.
Women with good functional status and no significant ventricular or valvular dysfunction or arrhythmias may do well. If, however, a patient is admitted with heart failure or arrhythmias, labor may be poorly tolerated, and she will require more acute management (see Arrhythmias; Heart Failure).
Vaginal delivery with a facilitated second stage of labor and regional anesthesia is recommended unless cesarean delivery is warranted for obstetric reasons. Regional anesthesia is recommended to minimize hemodynamic perturbations of labor.
The increase in maternal blood volume that occurs in the first 24 to 48 hours after delivery may result in clinical heart failure, in some cases even if heart failure had not previously been present. However, if the patient is clinically stable at the time of delivery, she may be transferred to postpartum care with cardiac monitoring for 24 hours, with the nursing staff instructed to observe for symptoms of volume overload or arrhythmias. Patients must continue to be monitored because symptoms of decreased ventricular function may not occur until 3 to 5 days after delivery and have been reported to occur as late as 4 to 6 months after delivery. 168 
Arterial Switch
The more modern repair of D-TGA is the arterial switch repair, which moves the great arteries and coronary arteries so that the aorta arises from the left ventricle and the pulmonary artery from the RV. This repair affords both physiologically and anatomically normal circulation. The arterial switch repair was not commonly performed until the late 1980s and 1990s, so neither the long-term sequelae of the repair nor the experience with pregnancy and the arterial switch repair is robust. However, patients with an arterial switch thus far have done well, with neoaortic dilation, aortic valve regurgitation, supravalvular and branch pulmonary stenosis, and coronary abnormalities developing in a minority of patients. [211] [212] [213] Women with an arterial switch repair are anticipated to do well in pregnancy, provided that there are no hemodynamically important residua such as valve dysfunction, supravalvular or branch pulmonary stenosis, supravalvular AS, coronary ischemia, or ventricular dysfunction. Thus far, there are scant data on pregnancy in women with an arterial switch repair, and complications in 1 series were related to associated abnormalities that would have been identified as high risk in any circumstance (mechanical valve replacement and left ventricular dysfunction). 214 Evaluation and management during pregnancy will be dictated by symptoms or residual hemodynamic abnormalities. In the asymptomatic woman with an arterial switch and no hemodynamic abnormalities, evaluation and management may be similar to that in lower-risk cardiac patients. In women with pulmonary stenosis in the main or branch pulmonary arteries, supravalvular AS at the anastomotic site, neoaortic dilation, or aortic regurgitation or coronary ischemia, more frequent and more intensive evaluation may be necessary. Neoaortic dilation may require an early epidural and good pain management and may necessitate a facilitated second stage of delivery or even a cesarean section, depending on the severity. 
Single-ventricle Physiology/fontan Palliation
Single-ventricle physiology refers to the presence of a dominant systemic ventricle and typically a second hypoplastic "ventricle"; less commonly, patients present with a true single ventricle. There are a host of morphological and anatomical variants of single-ventricle physiology (ie, tricuspid atresia, double-inlet left ventricle, hypoplastic left ventricle), but all have the presence of only 1 functional pump that must be used to perfuse the systemic arterial bed. Surgical palliations consist of a variety of systemic arterial to pulmonary arterial and systemic venous to pulmonary arterial connections. 215, 216 The Fontan operation is considered definitive repair in that the deoxygenated systemic venous flow is directed to the pulmonary arterial circulation without the presence of an intervening pump, resulting in alleviation of cyanosis but also in a host of long-term sequelae related to chronically elevated systemic venous pressure, diminished cardiac output, and cardiac reserve. 217 Clinically, patients tend to do well for many years after the procedure, but a number of clinical problems and complications occur over time, including arrhythmias, reduced functional capacity resulting from impaired ventricular function, protein-losing enteropathy, thromboembolism, and portal hypertension. [218] [219] [220] These data present a challenge in the setting of pregnancy given the obligatory increase in heart rate, cardiac output, and plasma volume, especially during the second and third trimesters.
Additionally, during delivery, there are invariably increases in central venous pressure and decreases in cardiac output with straining, the vasoplegic effects of anesthetic agents may be magnified, 6 and the fluid shifts noted in the postpartum period may result in volume overload and necessitate diuresis. Arrhythmias are another area of concern in patients with Fontan circulation, especially in those with the older right atrial to pulmonary artery connections. Data emerging on the risk of pregnancy in the setting of Fontan physiology indicate that in selected, clinically stable women, those with good ventricular function with no history of atrial arrhythmias or thromboembolic events, pregnancy and delivery may be well tolerated but are not without risk, 114, [221] [222] [223] [224] and early delivery is frequently necessary because of maternal decompensation. Atrial arrhythmias, particularly in those with history of prepregnancy arrhythmias, thromboembolic events, and heart failure, are the primary cardiac events to be reported. 114, 224 Obstetric complications have also been reported, including a high rate of fetal loss (miscarriage or fetal demise), premature rupture of membranes, and preterm labor leading to small-for-gestational-age neonates and low birth weight. 224 Therefore, it is important that these patients undergo a full preconception diagnostic evaluation to determine ventricular function, the presence of intracardiac thrombosis, the risk of developing arrhythmias, oxygen saturation, and pulmonary pressures.
Management
These patients must be under the direct management of an experienced adult CHD multidisciplinary team. Because of the potential for deterioration during pregnancy, once pregnancy is confirmed, a full cardiac medication and obstetric history and a clinical examination are required. A repeat echocardiogram should be considered at the start of each trimester to determine ventricular function. For those with a history of arrhythmias or if the patient complains of persistent palpitations, ambulatory electrocardiographic monitoring may be indicated. Baseline arterial oxygen saturation and liver function studies should be obtained. Oxygen saturations should be obtained at each clinic visit.
For women who were on anticoagulation before pregnancy, the need to continue anticoagulation throughout pregnancy is controversial, but for those who have a history of a thromboembolic event or atrial arrhythmias, the use of LMWH would seem to be justified (see Mechanical Valves and Anticoagulation). For those on low-dose aspirin, there are no data showing increased obstetric bleeding or adverse fetal effects, but the degree of benefit is unclear.
Regular cardiology follow-up visits should be scheduled and increased if the patient becomes symptomatic. Patients who remain asymptomatic may continue routine activities but should be cautioned to restrict active exercise as they progress with pregnancy, to rest at regular intervals, and to monitor the amount of dietary sodium. They should be instructed to report persistent palpitations and the presence of early or persistent peripheral edema, especially if associated with increased dyspnea.
Before delivery, a detailed delivery plan should be developed and circulated to all members of the multidisciplinary team, including labor and delivery. Because of the risk of preterm labor, the delivery plan should be drafted and distributed at the beginning of the third trimester if not earlier. If the patient has become symptomatic, induction of labor should be considered after week 38 or earlier as indicated by clinical presentation.
Depending on the clinical status at time of admission, cardiac monitoring, pulse oximetry, peripheral vein access for fluids, and compression stockings to avoid venous stasis should be standard care for all in-patients. Intravenous air filters should be used if shunts have been detected to avoid the risk of air emboli. The patient should labor in the left lateral position.
Oxygen therapy is indicated only in the event of arterial desaturation or in the event of maternal decompensation. More invasive monitoring such as arterial line and central venous catheter should be considered only for the patient who begins to show signs of decompensation.
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Labor may be poorly tolerated in the patient with poor ejection fraction who is admitted with symptomatic heart failure or arrhythmias, and she will require more acute management (see Arrhythmias; Heart Failure) and early delivery. This may necessitate cesarean section delivery. Vaginal delivery, usually with a shortened second stage of labor and regional anesthesia, is otherwise recommended unless cesarean delivery is warranted for obstetric reasons. Fluid management in the patient with Fontan circulation is a delicate balance. Excessive use of crystalloids may tip the balance, resulting in heart failure, but dehydration should be avoided because volume depletion can lower the central venous pressure and interfere with blood flowing through the cavopulmonary or atriopulmonary connection to the lungs.
After delivery, the significant fluid shifts that occur in the first 24 to 48 hours after delivery are of concern. However, if the patient remains clinically stable at the time of delivery and has had an uncomplicated delivery, she may be transferred to the postpartum unit with remote cardiac monitoring for 24 hours, with the obstetric nursing staff instructed to observe for symptoms of volume overload or palpitation. For patients with compromised cardiac function, admission to the intensive care unit for 24 to 48 hours is prudent.
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